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PORCCUORO 



Dear Friends. 

h seems like it was only yesterday that we drove the last of you to the 
airport. The memories and the spirit of the Scientific Detectors for Astronomy 
Workshop (SDW2002) remain fresh and strong. For us. this was a very special 
event, a great gathering of what may be one of the friendliest and most cooperative 
technical communities on our little planet. 

We have tried to capture the spirit of the Workshop in these Proceedings 
and we hope you are able to relive your week in Hawaii. For those readers who did 
not attend, we invite you into this community. 

As you probably noticed, there is a new name on the cover: Jenna Beletic 
was the ace up our sleeve for these Proceedings. As a summer intent at Keck, she 
took up the task of organizing, proofreading, editing and formatting the papers. She 
also made the graphics (her artistic talents shine on pages xxxiii and xxxv), 
contacted authors and prepared the mountain of paperwork which goes with 
producing a book. Jenna's enthusiasm at learning, her passion for the job and 
creativity (e.g. find 100 ways to get Paola and Jim to do their jobs) have been a 

motivating addition to our team of "old workshop foxes'* and a source for a 

good deal of paternal pride. We are honoured to have her as a fellow editor. 

The success of this workshop was achieved with the help of many people, 
who, as their only reward, were promised our gratitude and a nebulously defined 
"eternal glory." In order to keep our promise, here are our public thanks. We want to 
start recognizing the efforts of those in Hawaii who made the workshop happen. 
Special thanks go to our factotums: Gale Kihoi at Keck, who helped us organize the 
logistics and worked tirelessly during the workshop's week to make sure everything 
ran smoothly; Lali Acdal at the Hawaii Preparatory Academy (HPA), who helped us 
provide facilities, food and lodging for the 155 participants and guests. 

Many thanks to: Laurie Ainslie and her staff at HPA for the excellent 
hosting services; Kim Sweeney, the inspired artist who made the wonderful cartoons 
for the nerds’ gallery”; Elise Beletic. Adam and Veronica "Molokai" Contos who 
stayed up late to help us prepare the workshop giveaways; they and the other Beletic 
Girls also listened patiently to our "crazy ideas", as early as one year before the 
event. Their support and encouragements have kept us going. We thank Doug 
Amott and his drivers who helped organizing the first-ever summit visit for 120 
people, and the staff at the CFH, Keck. Gemini and Subaru telescopes who offered 
their services as chaperons during the visit; Alan Hara who organized our lunch at 




XIV 



Hale Pohaku; Dick Bredthauer, Jean-C'harles Cuillandre and Sidik Isani for iheir 
entertaining shows on Monday night: Jean Charles Cuillandre for volunteering as 
the photographer for the nerds' gallery (see page xxi); the line dancers, Chris Hunt 
and his Band and the "paniolos" of Parker Ranch for showing us how Hawaiian 
cowboys can party; our friends of the Keauhou Canoe Club, for opening the 
premises of the club and organizing a wonderful "Barbie at the Beach" event ; Mrs. 
La Roma Tomasada who put together a wonderful Gala dinner at the Mauna Kea 
Beach Resort: Sharon Shutes who helped us organize transportations and Jenda 
Johnson, the geologist who accompanied us during the visit of the Volcano National 
Park. Many thanks to Pat Goude. who helped edit these Proceedings. 

Our gratitude goes to Ian McLean, our invited speaker, who opened the 
workshop with an interesting and fun talk (see page 1 ). Many thanks to all of you 
who, in spite of being workshop guests, helped us whenever it was needed: among 
many, we wish to thank Dave Mason and Martin Roth, our "good Samaritans." A 
very special "grazie" goes to Fernando Pedichini, who, like all true friends, is 
always available when help and support are needed. Many thanks to our colleagues 
Randy Campbell and Bob Goodrich, who helped us with the final preparation and 
refereeing of the Proceedings. Many thanks to the photographers who sent us their 
photos and in particular to Cyril C’avadore and Peter Sinclaire who took the pictures 
of the rainbow (on the first day of the workshop) and of the "moonbow" (on the last 
day) shown on the cover. 

Our gratitude (eternal, of course) goes to some other key-players that made 
the SDW2002 different from the previous Workshops. For the first time we had a 
Scientific Organizing Committee: Barry' Starr (NOAO), Bob Goodrich (Keck 
Observatory), Bruce Atwood (OSU), Cyril C'avadore (ESO). Derek Ives (ROE), 
Doug Simons (Gemini Observatory), Gerry' Luppino (lfA), Gert Finger (ESO), lan 
McLean (UCLA), Jean-C'harles Cuillandre (CFHT), John Geary (CfA), Klaus 
Hodapp (IfA), Lothar Strueder (MP Semiconductor Lab), Mark Clampin (STScI), 
Randy Campbell (Keck Observatory), Richard Stover (UCSC), Roger Smith 
(Caltech) and Tetsuo Nishimura (Subaru Telescope). 

Also, for the first time we had sponsors, whose financial contribution made 
the workshop possible and the cost to participants the best deal west of Fiji (S850 for 
6 nights, inclusive lodging, meals, excursions, conference fee, proceedings and the 
goodies): Greg Fahlman on behalf of CFH, Doug Simons on behalf of Gemini and 
Tetsuo Nishimura on behalf of Subaru. 

Finally, we want to thank all of the participants and their guests, for their 
contributions, and their active participation in all events (for a list see page xvii). We 
thank you for your sense of humour and good sportsmanship. Beside the fun and 
camaraderie we shared, this was an excellent technical meeting and this book is 
proof of the quality and energy of our community. 

We are looking forward to seeing you all and many more at the next workshop. 

SDW2005. 



Vaoia & (lint 
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Lords of Ihc Chips. Fellowship of the Nerds 
we wish you all low noise and high QE! 



Jenna Beletic. moments after teaching "Nerdvana 



PS: Read the Proceedings thoroughly; if you find something “strange" in one of the 
title/abstract sections, send an email. The first one wins a price! 
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Ok- NeRd Q.\((tRy 



Abiding by Ihe Lords of the Chips theme, each participant assumed the identity of 
one of three Tolkien characters. Ores, Ents or Wizards, for the portrait gallery-. 
Initially, most of the participants enrolled as wizards, but we set up a trial to reveal 
their true nature... 




The SD IV 2 0(1 2 picture stand. 



The roll of a die unmasked their allegiances: only true wizards can roll a six, a roll 
of 4 or 5 is the undoing of an ent, 3,2 and 1 the signature of an ore. The photos on 
the following pages present our esteemed colleagues in their true form... 



XXI 




XX 11 



Orcs 

Se/t i'c\nts of the (\\nk CuR/tertz 

The Ores were first bred by the dark PMT of the north in the Elder Days. These 
creatures, being filled with angst of the unknown, quickly developed many 
barbarous dialects. They speak in acronyms and are often unintelligible even to their 
own kind (see Glossary of Acronyms pg. 615). In appearance Orcs are squat, 
swarthy creatures. Most of them prefer darkness and are blinded by the sun (not to 
be confused with astronomers). 
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Cnts 

SticphcRds oT cite Gcccuons 

The Enis are a race of giant, iree-like people. Their purpose is to protect the 
electrons, although some align themselves with holes. However, as the great arrays 
have grown, the number of Ents has dwindled. Now they arc said only to be found 
in the darkest and most mysterious of laboratories. 
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RinguiRdkhs 

fXdch RkJcrs of the / \A' costing 

These are the Ones seduced by the power of nothingness. Preferring to dress in 
many coats, although some only wear in a single 50 nm layer, they are doomed to 
sleepless nights hunting for a better match between air and crystal structure. They 
cannot be pictured because no light reflects from their faces. 



Marco Bonati Mark Clampin 

Mark Downing Bren t Ellerhroek 
James Janesiek Manuel Lazo 

Sat os hi Miyazaki John Mon troy 

Doug Simons Marcos Suarez 

Valles 



A! Conrad Kem Cook 

Donald Hall Allan Honey 

Juan Manuel Scot 

Martin Fleitas McArthur 

Hidehiko Nakaya Robert Nolan 

Paul Vu Kadri Vural 



Dolores Walther Takuya Yamashita Binxun Ye 




(JJorW CDc\p 
Che Origins oF rhe NcrcIs 

(6 continents, 1 4 countries, 26 oftseRvAtoRies, eveRy majoR designeR/manuFactuRCR) 





XXXIV 



SO(JJ2002 CDAsuenplAN 



The following is an overview of the events of the workshop. Hopefully this will 
refresh memories of SDW2002 and all the "work” that was accomplished there. 



Day 1, SUN, June 16 


Day 2, MON, June 17 


Check in. 

Sports at HPA campus. 

Registration reception at HPA campus. 


Talks: Detector Manufacturers. 

Roundtable: Shoot the Manufacturers 
Roundtable: Detector technologies 
Public talks: Richard Bredthauer and Jean- 
Charles Cuillandre. 


Day 3, TUE, June 18 

Talks: Observatory Status' Plans 
Departure to summit. 

Lunch at Hale Pohaku 

Summit visit: CFH Telescope, Keck 

Subaru and Gemini Observatories. 

Movie night at HPA - ”The Dish”. 


Day 4, WED, June 19 

Talks: Instrumentation 
Sports afternoon at HPA campus. 
"Paniolo" night 


Day 4, THU, June 20 

Talks: Electronics 
Roundtable: Detector Electronics. 
Talks: Detector Testing and 
Characterization. 

Roundtable: Detector Characterization. 
Snorkelling at Kealakekua Bay and 
outrigger canoeing. 

Barbecue at Keauhou Canoe Club with 
Volleyball and Hula lessons 


Day 5, FRI, June 21 

Talks: Focal Plane Mosaics 
Talks: Space Missions and Sub-electron 
Noise Focal Plane Arrays 
Roundtable: Sub-electron Noise FPAs. 

Gala dinner and Hula show at the Mauna 
Kea Resort. 


Day 6, SAT, June 22 

Check out. 

Optional Visit to the Volcanoes National Park. 

Dinner at Cafe Pesto. 
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VVaimca: Conference Venue, Registration Reception, 
Talks, Sports, Movie Night, "Paniolo” Night 
Mauna Kea: Summit Visit 
Keahou: Snorkeling and "Barbie at the Beach” 
Mauna Kea Resort: Gala Dinner, Hula Show 
Volcano: Volcanoes National Park Visit 
Hilo: Cafe Pesto 




A GOLDEN ERA FOR ASTRONOMY: THE 
ADVENT OF CCDS AND INFRARED ARRAYS 



Ian S. McLean 

University of California, Los Angeles 



Abstract: The advent of solid-state imaging devices transformed astronomy. Beginning 

with the introduction into astronomy of charge-coupled devices in 1976. 
followed a decade later by infrared arrays, astronomers gained access to 
near-perfect imaging devices. The consequences have been nothing short of 
revolutionary, perhaps especially so in the infrared. Witness, for example, the 
spectacular pictures from the Hubble Space Telescope cameras, or the 
impressive infrared imagery from the 2MASS project. Within the last decade 
CCD formats deployed or planned for use in ground-based cameras have 
become huge. Infrared mosaics, stimulated by the Next Generation Space 
Telescope, are coming soon. In addition, new technologies such as CMOS 
(Complementan’ Meta! Oxide Semiconductors ) and ST/s (Superconductiong 
Tunnel Junctions) are being developed and the future of astronomical 
detectors looks very exciting, especially in an era of giant telescopes 
performing at their diffraction-limit. 

Key words: Charge-Coupled Devices (CCDs). Infrared Arrays 



I. Introduction 

It is an honor and a privilege to say a few words at the beginning of this 
exciting and timely meeting. As I looked over the program for the meeting I 
could not help but think of the many remarkable advances in detectors that 
have been made over the last 30 years since 1 entered astronomy. 

I was between my sophomore and junior years at the University of 
Glasgow, Scotland in 1969 when men from the planet Larth first stood upon 
the surface of the Moon. It was a fantastic time, and there was a feeling that 
astronomy and space science was on the edge of great discoveries. It was 
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clear to me that although the thirst for knowledge was the driver, the vehicle 
was technology. So I felt then as I do now, that pushing the limits of 
technology is the key to improving our understanding of the universe. 

When I began my Ph.D. research in the summer of 1971, my first task 
was to build a photon counting system for a cooled photomultiplier tube 
(PMT) that would be part of a new astronomical polarimetcr. The idea of 
observing one object at a time, even with a photoelectric device, was 
frustrating, but I had no alternatives. Little did 1 know that just one year 
earlier, on the other side of the Atlantic, a new development had occurred 
that would affect all of astronomy, including my own career. 

1.1 The development of the CCD 

Toward the end of 1969, researchers at the Bell Labs in Murray Hill, 
New Jersey were investigating new ways of imaging with solid-state silicon 
methods in an effort to develop a Picturephone. Research on magnetic 
bubble memory, three-phase plasma display panels and silicon vidicons was 
in full swing at Bell Labs when executive director of the semiconductor 
division, Willard (Bill) Boyle, and his close friend George Smith, 
department head in charge of developing silicon diode arrays, got together 
one afternoon. In front of a blackboard they began musing about the idea of 
an "electric bubble" which could be passed through silicon by analogy with 
passing a magnetic domain from one site to another. It was already known 
that a charge could be "stored" by the electric potential created by a small 
insulated metal plate on the surface of a silicon crystal. It was the concept of 
stringing these storage sites together and using voltage differences between 
sites to "couple the charge" that was new. Within a few weeks of that 
afternoon George had a small linear CCD array under test and their paper 
appeared in the Bell System Technical Journal, Vol. 49, No. 4 in April 1970. 
And so a new era was bom. Years later, around 1987, when I had the 
privilege to interview Bill Boyle at his retirement home in Nova Scotia, he 
recalled reactions to the invention of the CCD ranging from "I should have 
thought of that" to "that will never work." But it did work! 

Ironically, the invention of the CCD occurred just as vidicon technology 
reached a peak in perfection, and many astronomers and planetary scientists 
were using vidicons for research. One of these, Jim Wcstphal of Caltech, 
was quick to realize the potential of the CCD and proposed it as an 
alternative technology for a camera for an orbiting space observatory. That 
camera was WF/PC I, and the orbiting observatory became the Hubble 
Space Telescope. 

During the period from 1973-1979, Texas Instruments under the 
leadership of Morley Blouke, who is with us at this meeting, worked with 
NASA JPL to develop CCD arrays for what would become the Galileo and 
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Hubble Space Telescope missions. One of the test engineers on the program 
at JPL was Jim Janesick. Realizing the importance of demonstrating a CCD 
camera on a telescope. Jim approached a leading astronomer at a national 
institute to enquire about getting time to test a CCD on the sky. and was 
turned down. Fortunately he did not give up, and he found a more forward- 
looking supporter in Dr. Brad Smith a planetar)' scientist at the University of 
Arizona. In 1976, using the 61 -inch telescope on Mt. Bigelow, they obtained 
the first images of astronomical objects with a CCD. As Brad recalled for 
me, "all who participated and who saw those images agreed that the potential 
of the CCD was superior to the other imaging equipment of the time." (For 
the full history, including IR arrays see [1]). 

As luck would have it, 1 became a post-doc at the University of Arizona 
in 1977 and became friends with Brad's post-doc, Harold Reitsema, now at 
Ball Aerospace, and through him learned about the CCDs that were being 
tested on Mt. Bigelow. I was hooked. Soon after, I began to develop 
instruments based on CCDs and five years later branched into IR arrays. 

I recall that the opening words at the detector meeting organized by 
David Latham and John Geary at Harvard-Smithsonian in June 1981 were 
something like "enough evidence has been amassed to suggest that CCDs 
are here to stay.” Having just flown to Massachusetts from Arizona (in blue 
jeans and tartan tie) where I had commissioned a CCD-based 
spcctropolarimcter, 1 heartily agreed. Our instrument made the first use of 
the unique ability of CCDs to shuffle charge back and forth on the chip as 
the polarization state was modulated. The device I used was a thinned, 
backside-illuminated RCA 512x320 chip. Even with the charge transfer 
efficiencies of the time, the method worked [2]. 

There was a period of worry in the late seventies and early eighties when 
good CCDs were difficult to obtain in the general community. Around that 
time GEC (now E2V Technologies) chips became available and protagonists 
like Craig Mackay developed very low-noise systems. Not long after, other 
manufacturers appeared and the “foundry" approach became popular. I recall 
standing at the back of the Tucson SPIE meeting in 1986 and sharing 
remarks with Jim Janesick on how far CCDs had come since astronomical 
“first light” in 1976. 

Of course, much, much more has happened since those early days! 
Thanks to the dedicated efforts of people like Morley Blouke, Dick 
Bredthauer, Barry Burke, Paul Jorden and many others too numerous to 
mention, the formats increased enormously to the huge mosaics (40 2Kx4K 
pixel CCDs in a single focal plane) and the devices themselves have been 
improved in significant ways. 
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DETECTOR DEVELOPMENTS 
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RULE 



Yidicons were photoelectric and 
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stable enough for photometry. 
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photon counting. 
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Figure /. A cartoon representation of detector developments over the last 30 years. CCDs 
were first introduced into astronomy in 1976. Infrared arrays for astronomy 
followed about a decade later. But as the cartoon illustrates, there are two 
newcomers to the party. CMOS and STJ devices. 



The demand for "more pixels" is accompanied by a demand for less read 
noise, better charge transfer efficiency and more response (or quantum 
efficiency). CCDs are ubiquitous. They have found their way into everything 
from the commercial video-camera world to the amateur astronomy market. 
CCDs have become a powerful tool for X-ray astronomers as well. 



1.2 The advent of Infrared Arrays 

Unfortunately, the band-gap of silicon does not allow astronomers to 
explore beyond 1.1 pm, and so the true infrared remained inaccessible 
during the rise of the CCD. Nevertheless, infrared astronomy was a rapidly 
developing field in the seventies because it w'as recognized as a key regime 
for understanding how stars form, hidden from view within dusty, gaseous 
cocoons. 

Frank Low introduced the gallium-doped germanium bolometer in 1961 
and the use of lead sulfide cells enabled the original 2 pm sky survey by 
Leighton, Neugebauer, Becklin and others to make many discoveries. Don 
Hall replaced lead sulfide by indium antimonide [3] and a new' generation of 
3-4-m class telescopes, like UKIRT and the IRTF, optimized for infrared 
wavelengths began operations in 1979. With the launch of the Infrared 
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Astronomical Satellite in 1983, infrared astronomy made another huge leap, 
all without the aid of a panoramic detector. 

Almost as soon as CCDs were invented, however, people tried to make 
infrared sensitive versions out of InSb and HgC'dTe. None of these efforts to 
use charge-coupling in low band-gap semiconductors were successful. 
Instead, a new "hybrid" approach was adopted in which the detection of the 
infrared photons was separated from the function of handling the signal 
charge. Of course, these efforts were driven by the extreme importance of 
the infrared for military applications. The infrared sensitive array was 
typically a grid of photodiodes or photoconductors bump bonded to a 
readout array through a matching grid of indium columns. Surface channel 
silicon CCDs were tried as the read out device, but better methods were soon 
found. Some small-format infrared arrays were in the hands of astronomers 
in the late seventies and early eighties. Even by 1982, however, when I 
carried out a survey for the Royal Observatory, Edinburgh and UKIRT, 
formats were very small; the devices were not really for sale and virtually 
none had low-background performance capability. 

It was about that time that I met Alan Hoffman at SBRC (now Raytheon 
Infrared Operations) and Jon Rode at Rockwell Science Center (now 
Rockwell Scientific). UKIRT wanted to develop an infrared array camera 
that would work from 1-5 pm. The best option for the detector material at 
that time was InSb, but what was the most suitable silicon read out device or 
multiplexer? Fortunately, A1 Fowler at the Kitt Peak National Observatory 
(now NOAO) had the answer. He had been experimenting with a platinum 
silicidc Schottky Barrier device hybridized to an interesting silicon readout 
chip that had an associated source follower for each infrared detector, and a 
multiplex scheme that allowed each pixel to be addressed and reset 
individually. In 1984 UKIRT and NOAO teamed up and placed orders with 
SBRC for the development of an astronomy-optimized infrared array with 
58x62 pixels using this source follower per detector (SFD) approach. That 
development enabled me to deliver the first of three facility-class cameras 
(IRCAM) based on this chip to UKIRT in September 1986. 

Fortunately, a call for next generation Hubble instruments would 
stimulate the development of short-wave Mercury-cadmium-telluride 
(HgC'dTe) arrays as well. Since the Hubble Telescope's primary mirror is 
warm, a detector with a response from 1-2.5 pm was all that was needed for 
the N1CMOS instrument proposed by Rodger Thompson of the University of 
Arizona. HgC'dTe was ideally suited to this application since its band-gap 
was variable depending on the concentration of mercury. The NICMOS 
chips developed by Rockwell under the leadership of Kadri Vural were a 
precursor to an extensive family of devices that have found wide application 
in ground-based astronomy. 
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Around this time too, serious developments began toward longer 
wavelength arrays to support another great observatories mission, SIRTF. 
Craig MeC'reight at NASA Ames was one of the pioneers in these efforts. 
Subsequently, excellent arrays with 256x256 pixels were produced by two 
companies-DRS Technologies (formerly Boeing/Rockwell, Anaheim) and 
Raytheon (SBRC). SIRTF is due to launch in the second half of 2003. 

By March of 1987, when Erie Becklin, Gareth Wynn-Williams and 1 
organized a "workshop" on infrared array detectors in Hilo, Hawaii, several 
groups had operational arrays, and a new era in infrared astronomy was 
born. Six years later when Eric and 1 hosted a similar meeting at UCLA in 
July 1993, plans were already in hand for IKxlK formats and many of the 
newcomers to the field of infrared astrophysics had already forgotten the 
long road to success that others had trod [4]. 

Today, some near-infrared arrays have noise levels in single digits and 
dark currents are low enough for high-resolution spectroscopy, making 
instruments like NIRSPEC on the Keck telescope possible. Formats of 
2 Kx 2 K pixels exist already, with two- and three-side buttable versions being 
developed for the Next Generation Space Telescope and for ground-based 
applications in large mosaic cameras. Longer wavelength arrays for 10-20 
pm are not far behind; for example, IKxlK arrays of arsenic doped silicon 
(As:Si) have been produced. 

IR arrays and CCDs have many similarities. Note however, that IR arrays 
are not CCDs. There is no charge-coupling involved, therefore charge 
transfer efficiency is not an issue. There are other significant differences too. 
Sky backgrounds are higher, well depths (and capacitances) larger, and 
readout electronics are faster. 

1 think it is fair to say that the advent of IR arrays has caused an even 
greater revolution in infrared astronomy than CCDs have for optical 
astronomy. The fundamental reason for this is the absence of any kind of 
panoramic detector for the infrared. Optical astronomers had photographic 
emulsions since the late 19 lh century and vidicon technology in the sixties. 

Today, CCDs and infrared arrays are the detectors of choice. But, as 
illustrated in Fig. 1, two new technologies are coming to join the party. In 
recent years, CMOS imaging devices have rapidly become competitive, and 
the completely new technology of Superconducting Tunnel Junctions (STJs) 
holds promise of obtaining spectral energy information during imaging. 



2. Where Do We Go From Here? 

Closely associated with the advances in array detectors is the 
development in electronics and computers to control and handle the huge 
data stream that our instruments are now capable of generating. While the 
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basic principles are the same, almost every observatory has developed their 
own controllers, sequencers, analog systems, and software. About the only 
thing we have in common is that the final data must be saved in FI TS 
format. We should be able to do better than that! It would help all of us if 
there could be a much higher level of compatibility among hardware, 
software and terminology. At the very least we should strive to have 
common interfaces. Several groups are thinking along these lines and 
perhaps that might emerge as a topic at this meeting. 

Another issue facing observatories in the future is the huge cost of large 
detector mosaics, especially for the more costly infrared detectors. Is there 
anything that can be done to increase yields and bring down costs? 

Where do we go from here? Presumably at this workshop we will hear 
about the competition between CMOS and CCDs, about "designer CCDs," 
about efforts to compress CCD and infrared array external electronics into 
application specific integrated circuits (ASIC's), and about other efforts to 
maximize the "shutter open" time. 

As we contemplate building even larger ground-based telescopes, issues 
such as optical matching to detector pixels will become increasingly 
challenging in the secing-limited mode, and we will have to think more 
carefully about what information is to be packed onto our detector arrays. 
The impact of adaptive optics systems mitigates the matching problem, but 
drives formal and low-background performance. 

The angular size of a pixel on the sky in arc seconds is related to the 
physical pixel size, the diameter of the telescope and the ©number of the 
camera lens by 

0 m = 206265 d^/D^F/^ (1) 

To sample good seeing on a very large telescope pushes the f/# to faster 
values for the same pixel size. So don't forget the poor optical designer 
when deciding to make the physical pixels smaller. 

Also, quantum efficiency (QE) is not DQE. The Detected Q uan,um 
Efficiency or DQE is the quantum efficiency of an ideal detector with no 
readout noise producing the same signal to noise ratio as the real one. 

DQE=Qe[i + RVnT' (2) 

where R is the rms readout noise in detectors and N e is the number of 
detected photoelectrons in the pixel. 

So the DQE < QE and it depends on the signal. To keep the DQE within 
10% of the real QE then the read noise R < 0.316\'N C . For faint object 
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spectroscopy and applications with diffraction-limited pixels, 1 e noise is 
needed. 

More effort too will be needed on data reduction pipelines to ensure that 
near "final form" results can be obtained within minutes of an observation. 



3. Sneak Preview 

Looking over the program, I am intrigued and excited to hear the 
discussions by Jim Janesick of the battle between CMOS and CCDs, but I 
don't believe for one second that Paul Jorden will reveal the "secrets of 
Marconi” ... still, you never know! You will find papers on everything from 
novel orthogonal transfer CCDs to gigantic low-impact shutters, to sub- 
electron noise devices and cameras with up to 40 chips in a single focal 
plane. It is significant that we have the infrared detector manufacturers here 
in force as well as the CCD and CMOS makers. I am also looking forward to 
learning more about STJs from David Lumb, and both the CCD and infrared 
array detector manufacturers will tell us about the biggest and best detectors 
available. There will be several roundtable discussions and special evening 
talks. I predict a week of information overload, but a most enjoyable one. 
Aloha and mahalo. 
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Abstract: We review the various types of astronomy arrays currently available from RIO 

for wide-field imaging and spectroscopy. Arrays for infrared astronomy 
became available from RIO (previously the Santa Barbara Research Center/ 
with the introduction of the 58x62 InSb in 1984. Since the introduction of this 
first array, RIO has developed and produced increasingly larger format 
arrays, including the 256x256 InSb array for SIRTF (Space Infrared 
Telescope Facility) and the Aladdin IKxlK array, Over 70 Aladdin arrays 
have been delivered and are currently deployed on a number of major 
telescopes throughout the world. RIO is currently developing the next 
generation of 2Kx2K format arrays. These include the 2Kx2K ORION InSb 
array, and the VIRGO 2KxK SWIR HgCdTe array for ground-based 
applications and the 2Kx2K InSb array for the MOST program. In addition. 
RIO is currently developing the next generation large format IKxlK Si: As 
Impurity Band Conduction ( IBC ) arrays for the N GST MIR instrument. 

Key words: Infrared (IR) arrays, InSb. HgCdTe. Si: As Impurity Band Conduction (IBC), 

targe-format arrays. Focal Plane Array ( FPA ). module 



1. Introduction 

Sinee the first utilization of the 58x62 InSb staring array in the early 
1980s, astronomers have been demanding larger and larger formats to 
increase the field of view and observational utility of the large imaging and 
speetroscopic instruments of 8-m class telescopes such as Gemini, Keck, 
Subaru, and the VLT. RIO has been actively developing large-format 
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infrared arrays for both ground and space-based astronomy applications 
since the early 1980s. The Aladdin lKxlK element array has been in 
continuous production since 1994 and has been incorporated into a number 
of the prime instruments in these telescopes. InSb arrays with formats of 
2Kx2K are currently under development for ground-based (ORION) and 
space-based (NGST) applications. These arrays will provide a 4-fold 
increase in the number of pixels with the same sensitivity, quantum 
efficiency, and spectral coverage realized with the thinned Aladdin arrays. In 
addition, 2Kx2K SWIR HgCdTe arrays (1-2.5 pm) are also under 
development for ground-based imaging and spectroscopy in the J, H, K 
bands. Finally, Si:As 1BC and Si:PIN arrays with increased performance and 
larger formats (lKxlK) are currently under development for future 
applications. Figure 1 summarizes the chronology of large-format infrared 
array development at RIO for ground-based and space-based applications. 




Figure I. Development of large-format astronomy arrays at RIO for ground-based and space 
based applications. 



2. Aladdin InSb Performance 

RIO InSb detector arrays have been successfully integrated into two 
space-based astronomy missions. The SIRTF Infrared Array Camera (1RAC) 
instrument utilizes a 256x256 InSb array and the ASTRO-F Infrared Camera 
(IRC) instrument utilizes a 512x412 InSb array. The maturity of RIO's InSb 
is highlighted by the delivery of over 30 Aladdin science grade arrays to the 
astronomical community. Over the past 20 years, the InSb process, including 
the ion implantation of the n-type bulk to form the p-on-n type junction, and 
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the subsequent passivation and thinning, has been refined and is in full-scale 
production at RIO. One significant advantage of InSb is the fact that, since it 
is thinned after hybridization, it remains "flexible” and is thereby forced to 
match the thermal expansion of the much thicker Si ROIC substrate. 
Consequently, in contrast to HgCdTe on CdZnTe substrates, the thermal 
mismatch does not lead to pixel outages as the array is cooled. In addition, 
since the InSb is thinned, and the input surface is passivated and anti- 
reflection coated, visible response can be realized. Because of the excellent 
characteristics of the InSb substrate material and the ability to thin it to less 
than 10 pm, InSb has excellent spectral response and quantum efficiency. 
Figure 2 shows the quantum efficiency of a typical Aladdin InSb array. 
Quantum efficiencies of greater than 90% with 99.7% operability are 
routinely achieved. 




Figure 2. Quantum efficiency for a typical InSb Aladdin lKxIK array is greater than 90% 
with more than 99.7% operability. 

3. Si: As Impurity Band Conduction (IBC) Array 

Performance 

Si: As Impurity Band Conductor (IBC) arrays have been developed at 
RIO for both ground-based and space-based applications [1]. For ground- 
based applications, a 320x240 IBC array, the CRC-774, has been developed 
and is currently deployed in a number of large telescopes for spectroscopy in 
the 5 to 28 pm region. RIO has also developed and delivered a 256x256 low- 
background Si:As IBC array for space-based applications. Flight units are 
incorporated in the IRAC and IRC instruments of the SIRTF and Astro-F 
missions, respectively. Figures 3 and 4 show the typical responsive quantum 
efficiency, noise and spectral response measured for the 256x256 Si:As IBC 
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arrays on the S1RTF program. More recently, a lKxlK Si: As IBC array was 
fabricated utilizing an Aladdin lKxlK multiplexer. Figure 5 shows the dark 
current characteristics of this array and a SIRTF 256x256 array as measured 
by the NASA Ames Research Laboratories. Additional work is in progress 
now to further improve the dark current and other performance 
characteristics of the array in the lKxlK format for the NGST MIR 
instrument. 
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Figure 5. Typical quantum efficiency, read noise, and spectral response for a SIRTF, 'IRAC 
256x256 Si:A.s IBC array. 




Wavelength (microns) 

Figure 4. Typical quantum efficiency, read noise, and spectral response for a SIRTF, IRAC 
256x256 Si:As IBC array. 
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Figure S. Typical dark current versus operating temperature for a S1RTF/1RAC 256x256 
Si:As 1BC Array and a 1024x1024 Si:As IBC array. 



4. Orion and NGST 2Kx2K InSb Modules and FPAs 

To meet ihc increasing demand for larger formats, RIO is developing 
both InSb and HgCdTe/C'dZnTe 2Kx2K format arrays [2]. InSb wafers are 
now available in sizes up to 100 mm in diameter, and development efforts to 
scale the growth to 150 mm are in progress. Under the ORION program, a 
2Kx2K InSb array with 64 outputs has been demonstrated for ground-based 
astronomy. This array is two-side buttable for packaging into a 4Kx4K 
module. Figures 6 and 7 show the first ORION engineering module and the 
associated response uniformity map from this array. 



i 

Figure 6. Performance of ihe first Orion 2Kx2K InSb engineering module. 
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Figure 7. Photo of the 2-side buttable module. The module has three 37-pin MDM 
cables/connectors to accommodate 64 outputs and the clock and bias supplies. 

A 2Kx2K InSb array with 4 outputs and 3-side buttability is also under 
development for the NGST program. Three-side buttability allows packaging 
modules into 4Kx2nK (n = 1, 2, 3...) FPAs. Figure 8 shows a photograph of 
a 6” ROIC wafer and the first prototype 2Kx2K NGST module. 




Figure A'. NGST 6" ROIC wafers with three 2Kx2K die per wafer and first Prototype NGST 
2Kx2K "plut’-and-jjlav” Module for the N1R FPA. The module is 3-side buttable 
for construction of 4iCx2nK (n = 1.2. 3..) mosaic FPAs. Module is shown with a 
"bare” NGST SB290 readout array. The unit cell pitch is 25 urn. 

Figure 9 shows the design evolution of the 4Kx4K FPA housing for the 
NGST NIR FPA. Beginning in 1999. the 4Kx4K FPA was based on four 
2Kx2K butted modules with each module consisting of four lKxlK SC As. 
By 2002, the FPA had evolved into a FPA with four close-butted 2Kx2K 
modules with each module consisting of a single 2Kx2K InSb SCA. 
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2001 Design 
• Improved 
interfaces: 

• Optical 

• Electrical 

• Thermal 



2002 Design 

• Greatly reduced heat load 

• Reduced form factor 

• Reduced mass 




Figure 9. Design evolution of the NGST 4Kx4K N1R InSb FPA Package. 



5. Virgo 2Kx2K SVVIR HgCdTe Development 

InSb detectors [3], which respond out to almost 5.5 pm, must be operated 
at low temperatures (25 to 35 K) to suppress dark current. Recently, RIO 
started development of SWIR LPE HgCdTc/CdZnTc 2Kx2K arrays which 
operate at temperatures near 80 K. For imaging and spectroscopy in the J, H, 
and K bands, the detector cutoff wavelength can be tuned to about 2.5 pms at 
80 K. RIO has funded and completed the design (called VIRGO) of a new 
2Kx2K Readout Integrated Circuit (ROIC) designed to mate with the SWIR 
HgCdTe detectors. The readout derives all needed clock waveforms from 
just tw'O input clocks - a master clock (at / the video rate) and a frame start 
clock. Very careful attention to the layout and design of the digital logic 
should result in a low glow' multiplexer. "Mux glow" (readout self emissions 
seen by the detector array) have plagued many previous readout designs for 
astronomy applications using submicron CMOS. The VIRGO readout is 
composed through the Reticle Image Composition Lithography (RICL) 
technique using a basic 1024(vertical)x5l2(horizontal) array of unit cells. 
This allows a wide variety of array formats to be achieved with the same 
mask set. A later lot is planned that will pattern 4Kx4K readouts - the 
VIRGO-4K. 

The VIRGO-2K design can be electrically configured to use 4 or 16 
output drivers with corresponding readout frame rates of 1.43 Hz or 0.376 
Hz. The outputs are designed to run at a 400 KHz data rate. If faster frame 




18 



Ken J. Ando, el al 



rates are desired, the data rate can be increased to at least 4 MHz by 
increasing the output and unit cell source follower currents. At this rate, the 
chip can be readout at a 14 Hz rate. Each output addresses a consecutive 
block of columns in the array in both the 4 and 16 output modes. A second 
control line allows the selection of global or row-by-row reset of the unit cell 
integration capacitance. Finally, a third control line allows the unit cell reset 
to be suppressed for a frame to allow a non-destructive readout of the 
integrated image data. This non-destructive read capability allows a variety 
of output sampling techniques such as correlated double sampling 
(sometimes called Fowler- 1) or Fowler-N sampling to be used to eliminate 
reset noise reduce low frequency drift over the long integration periods. 

The first lot of VIRGO readout wafers has been received and tested. The 
results were excellent. Every device was functional with nearly 50% meeting 
the readout test specification. One of the wafers yielded 7 of the 8 lKxlK 
and 4 of the 9 2Kx2K readouts. Each readout was tested for power 
dissipation, offset uniformity, and source follower gain. The power 
dissipation in 16 output mode was well under 10 mW. The typical offset 
uniformity distribution had a 25 mV standard deviation and a 150 mV peak- 
peak spread. The source follower gain was about 0.97 with a <1% 
sigma/mean distribution at room temperature (see Fig. 10). 




Figure 10. VIRGO 2Kx2K ROIC source follower gain is about 0.97 at room temperature and 
greater than 0.98 at 80 K. The sigina'mean of the distribution is about 1%. 



HgCdTe grown by LFE on lattice-matched CdZnTe substrates is also a 
very mature technology al RIO [4], The bulk CdZnTe substrates have a cut- 
on wavelength of about 0.85 pm, so that these devices do not respond in the 
visible unless the CdZnTe substrate is removed after hybridization. The main 
advantage of HgCdTe detectors over InSb detectors is that the cutoff 
wavelength can be tuned to any desired value between 2 pm and 13 pm and 
beyond. These devices are fabricated by growing an n-type absorbing base 
layer on a CdZnTe substrate, followed by growth of a p-type cap layer. 
Etching mesas through the p-type cap layer into the n-type base layer 
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delineates individual photodiodes. Because the bulk CdZnTc substrates are 
relatively expensive and difficult to obtain in large areas, this detector 
technology does not easily scale to fabrication of large-format arrays. The 
largest area CdZnTe substrates suitable for LPE growth of HgC'dTe are 
typically no larger than about 30 cm 2 . Moreover, the substantial thermal 
expansion mismatch (CTE) between HgCdTe/CdZnTe and Si becomes 
problematic for large-area arrays. Unless the relatively thick bulk CdZnTe 
substrate is removed, some mechanical means must be used to either force 
the Si ROIC to match the HgCdTe/CdZnTe detector or vice versa. Current 
array sizes for these devices arc 640x480, 1 Kxl K. and most recently 2Kx2K 
with 20 pmx20 pm pixels have been fabricated for use with the VIRGO-2K 
readouts. Figure 11 shows a photo of a VIRGO 8” ROIC wafer with 9 
patterned 2Kx2K die and 8 lKxlK die. Also shown is a typical SWIR LFE 
HgCdTe/CdZnTe detector spectral response which shows high in-band 
quantum efficiency and a sharp cut-on and cutoff. 




Figure II. VIRGO 8” ROIC wafers arc patterned with nine 2Kx2K ROIC die. The VIRGO 
unit cell pitch is 20 pm. Typical SWIR IleCdTc'CdZnTe spectral response shows 
high quantum efficiency from 0.85 uin to the cutoff wavelength of the detector. 



6. Summary and Conclusion 

InSb arrays have reaehed a high degree of maturity at RIO with the 
demonstrated producibility and performance of the Aladdin array. These 
arrays are characterized by low dark current (<0.1e'/sec), high QE (>90%) 
and high operability (>99%). RIO is currently developing the next 
generation 2Kx2K InSb arrays [5]. These include the ORION and NGST 
arrays. The first prototype ORION array was successfully fabricated and 
achieved an operability of 98%. The NGST ROIC have been tested and 
NGST InSb arrays will be available shortly. An advanced packaging design 
for a 4Kx4K FPA with greatly reduced heat load, reduced form factor and 
reduced mass was demonstrated for NGST. A lKxlK Si: As IBC with 
improved performance is under development for the NGST MIR instrument. 
Development of a 2Kx2K SWIR HgC'dTe array for ground-based JHK 
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astronomical applications is well underway. The first lot of VIRGO ROIC's 
has been fabricated and tested with excellent results. The ROICs will be 
mated with detector arrays fabricated with our well established LPE HgCdTc 
growth process. Excellent performance in the JHK bands is expected with 
these arrays. 
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Abstract: .-1 new type of position sensor (CMOS-APS) used as readout system in MCP- 

based intensified photon counter is presented. Thanks to CMOS technology \ 
the pixel addressing and the readout circuits as well as the analogue-to-digital 
converters are integrated into the chip. These unique characteristics make the 
CMOS- A PS a very compact, low power consumption, photon counting system. 
The more classical Photon Counting Intensified CCDs t PC-ICCD ). the 
selected CMOS-APS. the driving and interface electronics based on Field 
Programmable Gate Array (FPGA), and the adopted algorithm to compute the 
center of the luminous spot on the MCP phosphor screen are described. 



Key words: 



Complementary Mela I Oxide Semiconductor Active Pixel Sensor (CMOS- 
APS). intensified photon counter 



1. Introduction 

In a photon counting system, there are several advantages of using a 
CMOS-APS instead of a CCD. In a CCD the charge is shifted sequentially 
from a pixel to pixel until it reaches a single or a small number of output 
nodes. In an APS the charge in each pixel can be readout by addressing the 
pixel directly, because the preamplifier is integrated on each pixel and the 
timing control and pixel addressing is integrated on chip. Thanks to CMOS 
technology, pixel processing and analogue-to-digital converters are 
integrated into the chip. The highly parallel structure of the APS allows a 
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count rate dynamic range larger than that obtainable with photon counting 
systems based on intensified CCD. Two other important characteristics, 
fundamental in space applications, must also be considered: CMOS devices 
use a single 3.3 V power supply and show a better radiation hardness than 
CCDs. 

The CCD technology, developed more than twenty years ago and 
improved during these years, is well known and appreciated in many fields 
for the high quantum efficiency and the low readout noise even at relatively 
high scan rates. The novel CMOS-APS technology is in continuous 
evolution [ 1 ], and, at the moment, is characterized by higher readout noise. 
This parameter can be overcome in photon counting systems by setting a 
higher MCP gain. The other difference, which favors the CCD, is the fill 
factor, which is 100 % for CCDs, is not higher than 60 % for CMOS-APS. 
However this parameter is not very critical for the performance of intensified 
systems. 



2. The CMOS-APS Photon Counting System 



The developed system basically constitutes of a Micro Channel Plate 
(MC'P) with a phosphor screen coupled to a CMOS-APS through relay 
optics. A block diagram of the complete system is shown in Fig. I . 




Figure I. Block diagram of the CMOS-APS pholon counting system 
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The electrons generated in a photocathode are multiplied by the MCP, 
and the emerging electron cloud impinges on a phosphor screen giving a 
luminous spot. Relay optics re-image this spot onto the CMOS-APS. The 
APS and a high density Field Programmable Gate Array (FPGA) are located 
on the same board that is connected to a PC through a parallel interface and a 
fast serial connection (1.2 GBit/scc) based on fiber optic. The FPGA is 
configured to drive the APS, to readout the pixels and to make computations. 
The various functions are obtained by downloading the configuration file via 
the parallel interface by using a standard protocol, or via the optical fibers by 
using a dedicated DLL. Finally, the data corresponding to the coordinates of 
each valid event are acquired by the computer and stored in a file. 

2.1 Optical and mechanical layout 

The CMOS-APS is usually delivered covered with a window, and, as we 
did for CCDs, we planned to replace the window with a fiber optic taper. For 
the first tests we decided to use an optical objective, the Rodenstock model 
HR-Heligaron 35, with a very small numerical aperture (for better spatial 
resolution) and few optical components (to minimize the signal loss due to 
the transmittance of each element). The main characteristics of this objective 
are shown in Table 1 . Figure 2 shows the mechanical layout. 



Figure 2. Mechanical layoul of the system 



Table I. Characlerislics of the HR-3> 



Fitsl lens diameter 






SIDH] 


Field image diameler 


8 (mm] 


Total number of lenses 


9 


Transmission (fi>. 550 nm 


>98 [%1 


Focal length 


17 [mm] 


Numerical Aperture 


0.32 


De magnification 


1 : 4.3 


MTF @ 33.5 Ip/mm 


90 - 85 |%] 


MTF @ 67 Ip'mm 


80 - 50 (%] 


Relative Brightness 


99.5 [%] 




2.2 The CMOS-APS 

For the position sensor of the photon counting system we used a CMOS- 
APS PB-1024 manufactured by Photobit that, with 500 frames/sec, assures a 
high count rate and thus increases the system dynamic range. The internal 
architecture is shown in Fig. 3. The PB-1024 has been designed to have pixel 
row parallelism, and in fact includes the timing and control circuitry to treat 
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a row al a time on chip (see the Row Timing Block in Fig. 3), and 1024 
8 bit A/D converters to digitize simultaneously the analog signal from an 
entire pixel row. Furthermore the ehip contains special self-calibrating 
circuitry that allows reduction of the fixed pattern noise. To speed up the 
data output a "ping pong" memory array is used. This type of memory stores 
the 1024 8 bit digitized data, which is read during the next conversion cycle. 
Fight pixels (a 64 bit word wide) can be read at a time, through the eight 
ports which have 8 bits. Thus in 128 clock pulses an entire row is read out. 
The device can be considered a "digital device” in the sense that it receives 
digital signals and sends digitized data. Thus, only a "digital controller", like 
a Field Programmable Logic Array (FPGA), is required to run the sensor. 




Figure 3. Block diagram of the internal architecture of CMOS-APS PB-1024 



3. The CMOS-APS Driving Electronics 

The block diagram of the detector front-end electronics is shown in Fig. 

4, while the Fig. 5 shows a picture of the electronic board. 

The APS has almost all the electronics needed on chip to operate it as an 
imager, the FPGA provides the rest of necessary signals. The implemented 
circuits on the FPGA provide the bias signals, their telemetry, the power 
supply, and the interface to the host PC. A 128 K Words 32 bits ZBT RAM is 
used to store the acquired image, which is then subsequently read at a 
different data rate. The heart of the controller consists of the implementation 
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on the FPGA of the centroid algorithm, which is divided into two parts. The 
event validation locates the peak signal of all events above a specific 
discrimination level, and the centroid computation carries out a three point 
truncated center of gravity. If the pixel values are a, b, c, with b being the 
highest, the coordinate of the center will be (c-a)/(a+b+c). Figure 6 shows 
the block diagram of the implemented circuit. 
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Figure 4. Block diagram. 




Figure 5. Picture of ihe electronic board. 



The 64 bits data, corresponding to 8 pixels, are stored on synchronous 
FIFOs at each pulse of the CLK CMOS, and when the first three rows are 
completely packed on FIFOs, the computation procedure continues. A set of 
D-Latchcs are used to obtain 8 windows of 3x3 pixels. The center 
computation and the event validation circuits operate simultaneously on 
these 8 windows, and, at each clock pulse, another eight 3x3 pixels windows 
are stored in the D-Latches. T his process continues until the end of frame. 
When the four synchronous FIFOs receive the validation event signal, they 
store the row and column data (contained in the respective registers) and the 
sub-pixel value (given by the center computation circuitry) to form a 32-bit 
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word with the event x-y coordinates. This is sent, through 4 asynchronous 
FIFOs and a multiplexer, to the host computer via the parallel interface or 
the fast serial link. 



FPGA - Xilinx XCV800 
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Figure 6. Block diagram of the FPGA circuit implementation for the centroiding 



4. First Results 

Before operating in centroid mode, we took lots of images while varying 
the MCP gain, the objective focus and the APS working frequency. From the 
analysis of the spot profile with respect to the noise level we derived the best 
operating conditions. An image of 512x512 pixels acquired at a frequency of 
20 MHz is shown in the lower left panel of the Fig. 7. Surface plots of sub 
areas of 150x150 pixels of images taken at 20 MHz, 40 MHz and 50 MHz 
are also shown. It can be seen that the noise increases with the increasing 
frequency, while the events are always well discriminated. 

The measured APS fixed pattern noise is negligible (3-6 ADU rms.) at all 
readout frequencies. A maximum frequency of 50 MHz (400 frames/sec) is 
achievable without affecting the total noise and then the lower 
discrimination level. By windowing to half frame the system works at 800 
frames/sec and a higher dynamic range is obtainable. We can conclude that 
the CMOS-APS used as position sensor in MCP based systems can perform 
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better than a faster CCD and with some important advantages: compactness, 
simplicity, radiation hardness, low power consumption and low cost. 



20 MHz (160 Frames/s) 40 MHz (32 o Frames/s) 




Figure 7. Image of 512X512 pixel acquired at a frequency of 20 MHz and surface plots of 
sub-areas of 150X150 pixels of images taken at 20 MHz, 40 MHz and 50 MHz. 
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Reinhold Dorn (right) keeps smiling despite discovering that his handkerchief has 
already been used. Gert Finger ( center ) and Guv H'ood house (left) have been also 
awarded a prize for best-dressed paniolos ( Hawaiian cowboys). 



Nerd Enrollment: Klaus Refund Tim Hardy sign in. while Paola Amico and Gale 
Kihoi welcome them at the official opening of SDW2002. 
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Abstract: This is a progress re/n>rt on preliminary test measurements aimed to evaluate 

the performance of new Single Photon Avalanche Diodes (SPAD) developed 
by ST Microelectronics. Various samples with different dimensions (from 10 lo 
100 pm diameter) and iwo 5x5 arrays (20 and 40 pm) are manufactured by 
STM; some of which have been characterized. A brief description of the device 
and its main characteristics (dark, quantum efficiency and linearity) are 
presented. 

Key words: Single Photon Avalanche Diodes (SPAD). detector, photon counting, quantum 

efficiency 



1 . The Single Photon Avalanche Diode 

SPAD is a p-n junction biased above the breakdown. In this operative 
condition a hole-electron pair, generated in the depletion layer, causes an 
avalanche, which is measurable as a current. The diode works as a single 
photon detector with an infinite gain. Figure 1 shows the structure of the last 
generation SPAD and that of the layout of an array. 

The current Hows in the diode until the drive circuit, the Active 
Quenching Circuit (AQC), turns off the polarisation for a dead time and then 
restores it. This prepares the SPAD for another event. This turn off time, 
defined 'hold off" time, depends on the quality of the SPAD. Figure 2 shows 
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the block diagram of the quenching circuit that is made by a DRIVER that 
provides the polarization, a COMPARATOR that triggers the monostablc 
when an event occurrs. The monostable generates the hold-off pulse. 




Figure I. The structure of SPAD device I left) and array layout (right). 




Figure 2. Active Quenching Circuit block diagram. 



2. Spad Characterization 

2.1 Quantum Efficiency (QE) 

The instrumental apparatus used for the quantum efficiency 
measurements was designed at the Catania Astrophysical Observatory. The 
system is a modified version of a previous system, already operating for 
CCDs QE measurements [1]. It is usually operated in a vacuum and has a 
modular structure. The first module accommodates an optical system whose 
purpose is to have the beam emitted by the radiation source matching the 
monochromator focal ratio. The second module along the radiation beam 
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path is the monochromator. The monochromator has three 1200 g/mm ruled 
gratings to cover efficiently the whole spectral range. The nominal spectral 
resolution is 0.1 nm. After being dispersed the beam enters an integrating 
sphere, where the SPAD and a calibrated photodiode are mounted. The 
acquisition system reads the counts of the SPAD and the current measured 
by the calibrated photodiode at the same time. Before measuring the Qli of 
SPADs of different active areas (10, 20, 50 and 100 pm), we measured the 
breakdown voltage of each device and set the polarization voltage value 
between 10% and 20% above this value. 

A typical breakdown voltage is about 30 V. The SPAD quantum 
efficiency, measured in a range 350-1050 nm, is typical of a silicon based 
detector and shows a peak of about 60 % at 550 nm for 100 pm diameter 
devices. We measured the Qli at different polarization voltages and found 
that the QE increases w ith the polarization voltage. The measurements also 
show' an increase in the efficiency with the SPAD diameter. This result is 
unexpected because the QE measurements are normalized by area. One 
hypothesis is that there is a small area around the pixel with poorer 
sensitivity due to fabrication process. In fact, the effect becomes less evident 
for devices with larger area. 
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Figure 3. Quantum efficiency at polarization voltage 20% above the breakdown voltage. 

2.2 Dark counts 

Dark current can be produced by thermal generation and after pulsing. 
Dark counts increase wdth the bias voltage because the higher electric field 
increases the probability of avalanche and the depletion volume. After 
pulsing depends on the following phenomenon: during the avalanche, some 
carrier can be trapped in the depletion layer and released after a time delay. 
If this time delay is greater than the hold-off time, the carrier generates an 
avalanche named "after pulsing". To reduce the after pulsing effect, the 
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hold-off time had to be increased even though this reduces the count rate. 
Both causes of dark counts depend on the defects in the depletion volume 
and can be reduced with a cleaner fabrication process. Dark counts are 
measured at 20 °C, with a hold-off time of 360 nsec that reduces the after 
pulsing effect. In Table 1 the results of dark measurements of 20 pm SPAD 
versus bias voltages are shown. The results highlight the dependence of dark 
counts by the bias voltage. 



Table I. Dark Counts of 20 pin SPAD al 20 °C. 



Bia.s Voltage [V| 


QL (%1 <&» 550 nm 


Dark Counts 


36.87 


12.96 


6.2 


40 


18.25 


8.2 


41 


19.82 


12.2 


42 


21.64 


10.4 


43 


21.10 


14.8 


44 


22.75 


18 



2.3 Linearity 

The linearity is measured using a standard method, consisting of 
illuminating the detectors at different signal levels with a uniform source of 
radiation. The deviation from linearity is shown in Table 2. The 
measurements show that the deviation from linearity is very low and that 
there is no variation in QE in the range of measurements. 



Table 2. Linearity of 50 pm SPAD. 



Photodiode (pA> 


Spad (count) 


QE (%) 


Deviation from linearity 


1072 


6650 


22.526 


1.003 


911 


5650 


22.521 


1.003 


467 


2850 


22.161 


0.987 


122 


760 


22.621 


1.007 



2.4 Future developments 

Two arrays of 5x5 elements, with pixel size 20 and 40 pm of diameter, 
have been developed by STM and a series of measures are scheduled in 
Summer 2002. A new active quenching circuit, to allow array readout, is 
under development. A smart controller to drive the array and provide all 
necessary circuitry to acquire the image is under study. 
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Abstract: This paper discusses the performance of two new sensors: a 2Kx2K and a 

4Kx4K pixel array. These thinned arrays are intended for high frame rate, 
scientific applications 

Key words: Charge-Coupled Device (CCD), large format, thinned, hack-illuminated 



1. Introduction 

For a number of years, one of the standard CCD imagers has been the 
thinned IK* IK image sensor. This device has large, 24 pm pixels, read 
noise at 50 Kpix/sec of -5 e nns, high quantum efficiency, and a dynamic 
range typically in excess of 1 6 bits. More recently the demands of the market 
have placed emphasis on higher resolution, higher speed operation while 
maintaining a high dynamic range and high QE. In this paper we report on 
two new devices from SITe. These devices are 2Kx2K and 4Kx4K pixel 
arrays with 12 pm pixels. The chips are intended to be thinned using our new 
thinning process for high frame rate, scientific applications. 

2. Device Description 
2.1 Architecture 

The SITE SI-028A (2Kx2K> and S1-029A (4Kx4K) CCD sensors are 
designed for low light level scientific and industrial imaging applications. 
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Both devices are n-buried channel chips fabricated using a two level 
polysilicon gate process. The parallel section is intended to operate in a four- 
phase mode, while the serial is a two-phase register. 

Figure 1 presents a functional diagram of the architecture of the 4Kx4K 
device (with the exception of pixel count, the 2Kx2K chip is identical.) The 
imaging section is segmented into an upper and lower half. The upper and 
lower serial registers are split at the midpoint. A two stage source follower 
amplifier is located at each end of each of the serial registers. Consequently, 
the devices may be read out through one, two, or four amplifiers in the usual 
manner characteristic of 4 output full frame devices. 

The parallel array is operated as a four phase CCD. Each 12 pm pixel 
consists of four 3 pm-wide electrodes, fabricated using two levels of 
polysilicon. In the MPP version, the phase one gates serve as the barrier 
phase. The parallel section is isolated from the serial registers by a transfer 
gate. The transfer gate is also a barrier phase. There are twelve columns on 
each side of the array, which serve to collect excess dark current and photo- 
generated charge in the field region and can be used as dark reference 
columns. Similarly, in each half of the array, there are eight extra rows 
covered by the light shield. The light shield defines the 2Kx2K (4Kx4K) 
active imaging area. 

The serial registers are built as two-phase registers. They are wider than 
the parallel pixels, so they can accommodate charge in excess of 200 kc . 
Each half of the register is terminated in a 2x summing well, providing 
support for 2x2 binning. There are 32 lead-in pixels at each end of the serial. 
Each gate of the serial register, i.e. each barrier and each well electrode, is 
separately connected. By appropriate choice of which pair of gates are 
connected together, the serial register can be made to run in either direction 
or in split mode using both output amplifiers. 

The four output amplifiers are two stage source followers and are all 
identical. The load for the first stage is an on-chip, buried-channel MOSFET, 
while the load for the larger, second stage is off chip, usually a resistor. The 
output has been carefully designed for reduced capacitance of the sense node 
to increase the conversion gain and reduce noise. There are tw'O last gates, so 
that with appropriate biasing of the gate next to the node, the conversion 
gain can be reduced. 
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Figure I. Functional diagram of the SI029A. the 4Kx4K CCD. The organization of the 
2Kx2K device is similar. 



2.2 Packaging 

Figure 2 presents a photo of a front-illuminated 4Kx4K device in its 
package and a back-illuminated 2Kx2K device, also packaged, with a 
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standard unit of measure. The size of the 2Kx2K ehip is essentially the same 
as the SITe SI003A lKxlK chip. The package is a black ceramic material 
with four rows of pins, two on each side of the package. Additionally, the 
package has bolt down holes to permit easy and intimate attachment of the 
device to the cold finger. A window is not normally supplied with the 
package, although the package normally supports such a cover. 

The CCD is organized and laid out such that the device can be plugged in 
and rotated 180 ° without injuring the chip. Indeed, one need only permute 
the parallel clocks and the rotated device will function properly. 




Figure 2. Photograph of the SI-029A and the SI-028A. 



3. Device Performance 
3.1 Electrical 

A typical photon transfer curve is shown in Fig. 3. These data were taken 
in a high-speed camera running at 2.6 Mpix/sec using a thinned 2Kx2K chip. 
The row shift time for this device was 4.7 pscc/row or approximately 210 
Kpix/sec. At this speed, the full well was in excess of 160 Ke . Noise of the 
system plus device was 34 c rms. The conversion sensitivity of the device in 
the high gain stage is approximately 6.8 pV/c with a standard deviation of 
0.5 pV/c as measured at the output of the chip. The low gain state is 
achieved by applying a positive bias to the gate next to the output node such 
that its potential is higher than the reset potential. 
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Figure 3. Photon transfer curve for 2Kx2K chip. Data taken at 2.6 Mpix’sec and 4.7 
psec'row. 

The effect is to increase the effective area of the output node, thereby 
increasing the capacitance of the node. In the low gain condition the gain is 
approximately one half the high gain value or 3.5 pV/c . Table 1 summarizes 
the performance and physical characteristics of these new devices. 

Table l . Performance summary. 



Parameter Value 





SI-028A 


S1-029A 


Format 


2Kx2K 


4Kx4K 


Dark ref. Columns 




12 per side 


Dark ref. Rows 




8 per half 


Clocking: Parallel 




Four phase 


Serial 




Two phase 


Amplifiers 


Four, 2 stage source followers 


Lead-in pixels 




32 


Sensitivity: High gain 




6.8 ± 0.5 pV/e' 


Low gain 




3.5 fiV/e- 


Noise 


7.9 ± 1 e rms at 50 Kpix/s and -45 'C 


Dark cum:nt 




30 pA'cm 2 


CTE: Parallel 




0.999988 


Serial 




0.999966 


Full Well Parallel 




> 100 Ke 


Serial 




400 Ke’ 


CapJphase: Parallel 


30 nF 


120 nF 


Serial 


128 pF 


256 pF 


Row shift time 


< 4 gs/row 
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3.2 Optica! 

Figure 4 exhibits an image of a resolution target taken with the 2Kx2K 
device. The data were taken at -45 °C and 50 Kpix/scc. 




Figure 4. Low level image taken with a 2Kx2K device. 

The thinned devices are treated with an antirellection coating. The process 
is a modified version of the process developed at the University of Arizona 
by Mike Lesser and the flash gate process developed by Janesick, et al., at 
JPL [1]. There are two options: a single layer coating tuned to peak in the 
blue part of the spectrum at 400 nm. and a two-layer, wider band coating for 
the visible. Both coatings give high QE as illustrated in Fig. 5. The data 
extend to 200 nm but are uncorrccted for quantum yield below 350 nm. 
Figure 6 presents data of quantum efficiency as a function of temperature for 
the two-layer coating. This coating is much more stable against variation in 
temperature than coatings supplied earlier. The single layer coating behaves 
in a similar fashion. 



4. Summary 

SITe has produced a pair of large area, small pixel CCD sensors designed 
for high speed, scientific imaging applications. The devices have 2Kx2K and 
4Kx4K formats with 12 pm sq. pixels. The sensors are intended to be 
thinned and. coupled with the new AR coating process, have high quantum 
efficiency that is stable against changes in temperature. Front-illuminated 
versions of the devices are also available. High-speed camera testing shows 
good performance at 2.6 Mpix/sec and preliminary testing suggests that good 
performance can be achieved at 10 Mpix/sec. 
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Figure S. Typical quantum efficiency curves for two different AR coatings. 




Figure 6. Quantum efficiency as a function of temperature for selected wavelengths. 
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A nerd's life. It doesn't get any better than this, does it? Peter Love, Guy 
Woodhouse and Ken Ando (left to right ) on their way to Kealakekua Bay (courtesy 
of G. Woodhouse). 




Randy Campbell (left) wishes he could make his boss disap/tear with the flick of the 

wand tough luck. Jim's still here. Jim Beletic, unaware of the danger, moments 

before disappearing from the stage ( he eventually came back at the gala dinner). 
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Abstract: Improved and stable blue/UV t/uanium efficiency has been demonstrated on 

2Kx4K imagers using molecular-beam epitaxy to create a thin doped layer on 
the back surface. Quantum efficiency data on thick (40— SO pm ) imagers with 
single and dual-layer anti-reflection coatings is presented that demonstrates 
high and broadband response. Measurements of the optical point-spread 
response show the devices to be fully depleted with good response across a 
broad spectrum, but interesting features appear in the near-IR as a result of 
deeply penetrating light being scattered off the surface structure of the CCD. 



Key words: 



Charge-Coupled Device (CCD), molecular-beam epitaxy. Quantum Efficiency 
(QEf. point-spread res fxm.se 



1. Introduction 

This paper describes recent work at MIT Lincoln Laboratory in 
collaboration with the U. of Hawaii to enhance the performance of large-area 
CCD imagers and to characterize these devices for use in astronomy. This 
collaboration began in 1994 between Lincoln Laboratory and a consortium 
of astronomy groups led by Gerald A. Luppino of the U. of Hawaii. The 
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focus has been the development of 2Kx4K imagers (15 pm pixels), as well 
as technology developments for improved device performance. Among the 
latter is the development of thick (40-50 pm), back-illuminated devices for 
improved red response and reduced fringing, the orthogonal-transfer CCD. 
customized anti -reflection coatings, and blooming control. These have been 
described in the prior proceedings of this conference [1,2], 



2. Enhanced Blue/UV Response 

The challenges of making a back-illuminated imager with a high and 
stable Quantum Efficiency <QE) below 400 nm have been described in 
literature for more than two decades. The difficulty in this case is the 
extremely shallow penetration depth a 1 of the radiation (a '<10 nm from 
X=200-360 nm), which makes photoeleetrons vulnerable to recombination 
losses at the back surface. 

Two general approaches have been pursued to avoid this loss. One has 
been to grow a thin, low-temperature oxide layer on the back surface and 
deposit a metal that induces a negative eharge in the oxide via chemisorption 
charging [3]. In the past, this method resulted in devices that required 
careful environmental control or periodic UV illumination to maintain stable 
response, though recent work by Lesser indicates that this problem has been 
overcome [3]. 

The other approach is to create a repulsive field by introducing a thin- 
doped layer on the back surface. What makes this method challenging is 
that: a) the doped layer must be introduced after the CCD is thinned, and b) 
doping of silicon must be carried out at elevated temperatures. In our 
previous work we described the use of a shallow boron implant followed by 
a pulsed laser anneal to activate the implant [1,2]. The laser pulse, about 50 
ns in duration, is sufficient to melt the silicon to a depth of about 100 nm, 
after which the molten silicon recrystallizes to form a p layer. Since this 
layer is much thicker than the absorption lengths in the UV, most 
photoelectrons generated by these wavelengths are created in the non- 
depleted, field-free p layer. Here the photoelectrons move by diffusion and 
hence are as likely to diffuse to the back surface as to the p'/p junction, 
where the fields would propel them toward the front of the device. As a 
result, the internal quantum efficiency tends to be well below unity and to 
vary according to ambient conditions. 

The epitaxial deposition of a thin p layer on a CCD chip (as opposed to 
wafer) by a technique known as Molecular-Beam Epitaxy (MBE) was first 
described a decade ago [4], and the results showed that stable, near-unity 
internal quantum efficiencies could be achieved in the UV. We have applied 
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the MBE process to our 2Kx4K imager wafers. The process begins with a 
fully processed, 150 mm CCD wafer which is then chemically thinned to 
about 40-50 pm except for a narrow rim around the perimeter. Though 
fragile, the wafer can be handled by the rim and is sufficiently robust to 
allow the required cleaning steps prior to epitaxial growth and subsequent 
mounting on a handle wafer. MBE growth is done at a wafer temperature of 
about 400 “C and consists of about 5 nm of heavily boron-doped silicon 
(roughly 37 atomic layers). The chosen growth temperature represents a 
compromise between the upper limit to which a wafer with aluminum 
metallization can be subjected and the fact that higher growth temperatures 
lead to higher quality layers. Nevertheless, the results to date suggest that 
layers of sufficient quality can be grown without causing device failures 
related to the metallization. 

Figure 1 shows the resulting QE measurements at room temperature on 
uncoated back-illuminated devices processed with 11/LA (ion implant/laser 
anneal) and MBE. For comparison, a calculated curve assuming reflection- 
limited response is shown as the dashed line, and show's that the MBE 
process produces essentially unity internal quantum efficiency. Note that the 
definition of QE used here is the ratio of detected photons (as opposed to 
detected electrons) to incident photons. This distinction is important for 
A.<30() nm where the number of photoelectrons generated per absorbed 
photon is greater than one. 




Wave^rgth (nm) 

Figure /. Measured quantum efficiencies at room temperature of a bare CCD with an MBE- 
dcposilcd p' layer and a p‘ layer created by ion implantation and activated by a 
pulsed layer anneal. The calculated QE assuming unity internal QE is plotted for 
comparison. 

Because of the historical experience of QE instability at UV wavelengths 
in earlier generations of back-illuminated CCDs, it is important to monitor 





44 



Bony E. Burke, el al. 



the performance of these devices over time. We have periodically measured 
the QE of a small (512x1024) test imager that resides on the same wafers as 
the 2Kx4K devices for 13 months. Half of this device is coated w ith an 
antireflection coating of Hit); w hile the other half is uncoated. 

Figure 2 shows measurements of the QE of both halves of the device 
over this period. The device has been stored most of the time in a nitrogen 
vented dry box, but has also been periodically placed in a vacuum cry ostat 
for testing al low temperatures. No evidence of QE instability has been seen 
thus far under any test conditions. 




Wavelength (nm) 

Figure 2. Measured quantum efficiency taken over a period of 13 months on a device, half of 
which is uncoated and the other half coated with a 1IID ; anti-reflection coating. 



3. Broadband Quantum Efficiency 

In addition to extending the response dowrn to 200 nm, w ( e have also 
improved the near-IR response by using high-resistivity (= 5000 £1 cm) 
p-type silicon. The depletion depths on non-thinned devices can readily 
exceed 50 pm under normal gate biases. This means that devices thinned to 
<50 (i m w'ill be fully depleted, which is essential if good point-spread 
response in the blue is to be obtained. Our wafers arc thinned to about 
45 p m, and as a result the QE is better and the fringing low'er for X>800 nm 
than that obtained from the typical device thicknesses of 10-20 p m. 

Figure 3 show's data on the QE versus wavelength for two MBE-treated 
devices, each with a different anti-reflection coating. For maximum 
UVVblue response w'e use a single layer of HlO ; , in this case optimized for 
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about 330 nm. The other coating is a dual layer of HIT)- and Si0 2 which is 
designed to give maximum response around 850 nm while giving up as little 
blue and UV response as possible. In previous work we had described a 
dual-layer coating for enhanced near-IR response consisting of Ti0 2 and 
AI 2 Oj [2], but we found that these materials require special precautions in 
order to maintain stoichiometry during evaporation. Unless deposited in a 
high back pressure of 0 2 they can be metal rich and optically lossy. 




Figure J. Measured quantum efficiency of MBE devices with two types of anti-reflection 
coatings. 

The data of Figure 3 were taken at room temperature, but most 
astronomical observations are taken with devices at low temperatures. 
Because the bandgap of silicon increases with temperature, the long 
wavelength rolloff in the QE moves to shorter wavelengths as the 
temperature is reduced. This is shown in Figure 4, where the long- 
wavelength QE of a device with the dual-layer coating is plotted for three 
temperatures. 
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4. Point-Spread Response 

An important characteristic of a sensor is the optical point-spread 
response, which is the device response to a small optical spot scanned over 
the pixel array. The point-spread response is particularly important for 
verifying a condition of full depletion, which is critical for minimizing 
lateral charge spreading and obtaining sharp images. A system for 
performing this measurement was recently described [5] in which a focused 
spot about 3 pm in diameter is stepped in a raster pattern over a small 
subarray of pixels while monitoring the signal from a given pixel at the 
center of the array. Figure 5 shows the results of one-dimensional scans 
through the center of a pixel both along and orthogonal to the channel 
direction at a wavelength of 430 nm. At this wavelength the photoelectrons 
are generated close to the back surface (the absorption length in silicon is 
<0.3 pm), and this provides a worst case test of charge spreading. This data, 
from a 47 pm thick imager, shows a smooth response with position, and the 
low signal levels measured w'hen the spot is one pixel or more aw^ay indicate 
full depletion. 

From the full two-dimensional scans w'e have found that when the spot is 
centered in a pixel, the charge collected by that pixel is 83 and 90% of the 
total signal for devices of 48 and 43 pm thickness. These results no doubt 
depend on the gate voltage levels, since these voltages determine the 
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strength of electric fields driving the carriers toward the CCD wells. For 
these measurements we held two of the three phases high at +4 V, while the 
third phase was held at -6 V. 





Figure 5. Point-spread response at 430 nm. (left) Curves of one-dimensional scans through 
the center of the pixel across and along the channel, (right) Surface plot showing 
full two-dimensional response. 

In the near 1R the point-spread response is at least as good as in the blue, 
as expected, but there are additional significant features in the response. 
These are best seen in the surface plots shown in Fig. 6, which were taken at 
a wavelength of 950 nm. The plot on the left is from a device which had a 
thin film of Al deposited on the CCD gates before the wafer was mounted on 
a handle wafer for thinning, while the device on the right had no such film. 
The purpose of the film w as to explore improvements in the near-IR QF that 
result from more light being reflected back into the CCD. 




Figure 6. Surface plots of the optical response at 950 nm for a device with (left) and without 
(right) a thin-film metal mirror deposited on the CCD gates. 

The interesting features in these plots are the ridges seen as the spot is 
scanned in neighboring pixels. Two prominent ridges can be seen running 
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parallel to the channel direction, and a series of closely spaced ridges can be 
seen perpendicular to the channel in front of and behind the main response 
lobe. These features give rise to what is termed the “red halo," which are 
low-level spurious signals or cross-talk in adjacent pixels. The red halo is 
seen at wavelengths for which the light penetrates through to the device gate 
structure on the front. 

The origin of these features can be understood with the aid of Fig. 7, 
where light is shown reflecting off the surface features of the device. 




Figure 7. Illustration of the long-wavelength optical scattering off surface features on the 
front of the CCD. 

Light that is incident normal to a flat portion of the interface will be reflected 
back in the direction of the incident illumination. However, the device has 
periodic surface structures that lead to scattering and reflections of the light 
at substantially different angles. Because the absorption lengths at the 
wavelengths involved are deeper than the device thickness and the fact that 
the device is much thicker than the pixel size (15x15 pm), this scattered light 
can be absorbed in neighboring pixels. In the cross-channel direction this 
scattering results in “ghost images" of the channel stops parallel to the CCD 
ehannel. In the along-channel direction it results in effects arising from 
scattering off the polysilicon-gate gaps and gate-gate overlaps, and these can 
be seen more clearly in the device with the mirror. 

It is clear from Fig. 6 that the mirror enhances this scattering (by about a 
factor of 2). In addition, we have found that the improvement in quantum 
efficiency with the IR mirror is marginal, and we therefore conclude that it is 
inadvisable to use this technique. 

These results demonstrate the utility of point-spread-response data in 
diagnosing the optical performance of a sensor. This measurement is more 
appropriate in most astronomical applications where the images are point- 
like than the frequency-domain counterpart, which is the MTF or modulation 
transfer function. It is not likely that an MTF measurement could diagnose 
the source of the pixel crosstalk illustrated in Fig. 6. 
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" Your FPA is nothing. ..once I built one that was this big... " says Augustyn Waczynski 
to Cert Finger. The audience around shows signs of interest, bewilderment and 
desperation (right). 
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Abstract: The Orion program is a project to dewlap a 2Kx2K infrared focal plane 

using JnSh p-on-n diodes for detectors. It is the natural follow-up to the 
successful Aladdin IKxlK program started in the early 90' s. The work is 
being done at the Raytheon Infrared Operations Division (RIO. previously 
known as the Santa Barbara Research Center) by many of the same people 
who created the Aladdin focal plane. The design is very > similar to the 
successful Aladdin design with the addition of reference pixels, whole array 
readout (no quadrants ). two-adjacent-side but lability, and a packaging design 
that includes going directly to the ultimate focal plane size of 4Kx4K. So far 
we have successfully made a limited number of hybrid modules with InSb 
detectors. In this paper ire will describe the design features and test data taken 
from some of these devices. 

Key Words: Complementary Meta I Oxide Semiconductor (CMOS), focal plane, 

buttability, infrared 



1. Introduction 

With funding support in late 2000 from the National Optical Astronomy 
Observatory (NOAO), the United States Navel Observatory (USNO), and 
NASA, we commenced a program to develop a 2Kx2K InSb focal plane at 
RIO similar to the successful Aladdin IKxlK program. The program was 
formally started in early 2001, and the first bare readouts were available for 
testing at RIO in late 2001. So far, we have produced four functional hybrid 
arrays using this short and, thus far, successful program. Most of the test 
data herein are derived from testing at RIO and by the Rochester University 
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group as NOAO still docs not have control electronics to adequately run an 
Orion focal plane. 

The design has several features, which have not appeared in any previous 
work and that we feel makes this device superior in many ways to Aladdin. 
The first is two-adjacent-side buttability and a module-packaging concept 
that leads directly to future 4Kx4K focal plane applications. Second is the 
addition of several types of reference pixels for noise and uniformity 
correction. Other improvements include a single 2Kx2K readout instead of a 
quadrant readout, and the use of blocked (stripe) rather than interleaved 
column readout. 

The processing used for this design is 2 gm p-well CMOS, single Poly- 
Double Metal. From previous projects, we know using PMOS transistors for 
the analog circuitry will produce the lowest noise and highest performance at 
30K. The use of double metal instead of the single metal used in the Aladdin 
program was a new aspect of the program. This was necessary because of 
the excessive line impedance and conversely long time constants that would 
develop if poly was used for the reset and enable buses. This change reduced 
the readout yield somewhat but not significantly. 



2. Design 



2.1 Specifications 

The first requirement of any program is a list of the specifications and 
goals for the project. Table I is a list of the Orion focal plane design goals 
and performance characteristics. 

2.2 Packaging 

The packaging concept used for Orion is a major change from the 
leadless chip carrier (LCC) concepts used in Aladdin or the Pin Grid 
package in use on other focal planes. There are two major motivations for 
this change. First, the detector is over 50 mm square and this required a 
thermally compatible and stable platform to prevent delamination of the 
indium bumps and cracking after multiple cryocycles. Second is the need for 
a package that is easily integratable into a larger 4Kx4K focal plane. We 
believe the design we have chosen meets these goals. Figure I is a picture of 
the Orion focal plane module. 
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Table I. Orion program specifications and goals 



Formal 


2 Kx 2 K 


Pixel Size 


25 x 25 pm 


Array Active Area 


51.2x51.2 mm 


Optical Fill Factor 


>98% 


Architecture 


Two Side Buttable (Adjacent sides) 

Designed to make a larger 4K’-1K module 
64 outputs : read out in stripes of 32 columns each 
Built in current source per output 
Read out as a single 2Kx2K device 


Readout Structure 


Three transistor Single-Stage Floating Diffusion 

(SFD) Unit Cell 

P-well CMOS Control Logic 

On Chip Buffers for all clocks and control signals 

Control Logic - 2 phase shift registers 


References 


First (#1) and last columns (#2048) arc reference columns 
Additional references on each output as follows: 

1) reference. 32 data pixels 

2) reference. 32 data pixels 

3) 32 data pixels only 


Reset Modes 


Global (all detectors ) 
Ripple (reset by row pairs ) 


Output Performance 


1 . 5 pscc per pixel 

Frame rate - 10 frames per sec 


Detector Material 


Backside-illuminated Thinned p-on-n InSb 


Well Capacity 


150x10* cat 0.5v applied bias 


Read Noise 


< 25 c' mis for Fowler 1 sampling 


Dark Current 


< 0.2 c per see' pixel at 30 K 


Quantum Efficiency 


>95% at 1.7 pms 




Quarter wave AR coating at 1 .7 pms 


Response 


0.6 to 5 pms with appropriate AR coating 


Operating Temperature 


25-35 K 


Operability 


Typically > 99.5% 
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The base material is 6 mm of Invar36, which has been used to package 
CCD's for many years because of its thermal compatibility with silicon. 
Next, we bonded an aluminum nitride (AIN) motherboard to the pedestal 
(also used for the LCCs in the large focal planes). The motherboard 
approach was chosen so we would have electrical isolation from the metal 
pedestal, a place to route the wiring from the multiplexer chip to the edge of 
the module, and a place to mount filter capacitors and support components. 
In addition, it allowed us to mount the detector focal plane chip close to the 
edges for 2-side buttability and future 4Kx4K modules. The electrical 
interface is made via 3-flat cables terminated in 37 pin Micro-D Metal 
connectors. These connectors w'ere chosen because of their previous 
reliability in cryogenic applications. 

Two 2. 5x0.6 mm bars surround the detector-silicon chip to provide a 
means to baffle the detector from outside light sources. The bottom of the 
pedestal has several threaded holes for mounting the module to a larger 
detector mount. In addition, there is one hole located at the optical center of 
the detector for maintaining alignment with respect to an instrument, if 
needed. For 4Kx4K modules there are provisions for pins and corresponding 
holes in the side of the pedestal for alignment of multiple 2Kx2K sub- 
modules. 

The thermal compatibility with the silicon readout, flatness, and 
structural rigidity of the Invar36 pedestal results in a design w hich docs not 
delaminate or crack during cooling. We have fabricated four complete focal 
plane modules and cooled some of them many times with no sign of 
delamination or crack development. Therefore we arc satisfied that our 
design goals have been met. Figure 2 is a picture of a possible 4Kx4K focal 
plane using the Orion 2Kx2K modules. 
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Figure 2. A possible 4Kx4K focal plane using the Orion 2Kx2K modules. 



3. General Readout Architecture 

This design has a number of features novel to large 1R arrays. The first, is 
read out as a single 2 Kx 2 K array rather than in quadrants. In the past the 
quadrant design was used because of concerns about yield. These were put to 
rest during our experience in fabricating the Aladdin lKxlK readouts. Also, 
this approach was required by the desire for two-adjacent-side buttability. 

Next, we used a double metal process, as the continued use of poly for 
the larger chip would have created unacceptable time constants when 
resetting and addressing rows. We have continued to use the 2 pm p-well 
approach as this yields the lowest noise and minimizes the LED effects. 
Another feature of this chip is that it reads out in blocks of 32 columns to 
each of its 64 outputs rather than the interleaved columns used in the past. 
We did this to reduce the capacitance of the output bus and increase speed. 
Also, an output failure will only take out a small section rather than 64 
individual columns scattered across the array. 

Other changes are the addition of many different types of reference pixels 
in the readout data stream. We incorporated current sources for the output 
transistors on the module. Source resistors can also be used, but the current 
source provides the highest gain with output transistors, which should yield 
lower noise. We also incorporated a feature, which allows us, via a single 
control line, to shut down the output amplifiers during long integrations to 
eliminate any potential photon background effects. 
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4. Internal References 

In this design we have incorporated several different references to aid in 
noise reduction and uniformity correction. The first of these references are 
what we will call "Output References." It is a unit cell (sec Fig. 3) whose 
gate is tied directly to the detector common bias. It uses a current source 
similar to that used on the individual columns, but is multiplexed directly 
onto the output bus. It is addressed by the first bit (cO) from the column shift 
register, but can be ignored by clocking directly to bit 2 (cl), which selects 
the first data column. Since all the data are referenced to the detector 
substrate, this allows the user to remove drifts in long integrations due to 
bias and thermal changes. 




Figure 3. "Output References" - A unit cell with a direct tie to the detector common bias. 



Another way to use this reference aids in removing shorter-term 1/f 
noise. If, after reading out the 32 data columns, the column shift register is 
returned to bit 1 before clocking to the next row, then a reference can be 
obtained at the end of each stripe of data. With the two references, one at the 
beginning and one at the end of each row of data, you can post process to 
remove 1/f noise occurring not only from frame I to frame 2, but also on a 
row-by-row basis. 

The other two types of references use all the pixels in columns I and 
2048. The pixels in column 1 are tied to capacitors instead of detectors. The 
capacitance is similar to the expected detector capacitance and the capacitors 
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are resei like the detectors, but they do not have the dark current and 
uniformity issues related to real detectors. Like the output references, the 
pixels in column 2048 are tied directly to the detector substrate bias. Both of 
these references can be used to remove row odd/even patterns or other non- 
uniformities along the row direction. The usefulness of the various 
references will have to be answered over time by the users. We feel some of 
the reference use will fall by the wayside in time. 



5. Outputs 

The Orion chip has 64 outputs however, unlike previous designs where 
the columns are interleaved columns, this chip reads out in blocks of 32 
columns per row. This was done for two reasons: 

• The first and most important of these was the reduction of line 
capacitance loading due to the over 50 mm size of this chip. Since 
the effective number of outputs for Orion (64) is half that of the 
Aladdin chip, it is important to preserve the 1.5 psec/pixcl readout 
time. The unit cell must drive the column bus and the other 2047 
diffusions on the bus, but now we have reduced the capacitance on 
the output bus to a minimum. 

• The second reason was that if a failure of an output occurs, it only 
affects a 32-column-wide stripe rather than every 64 lh column 
across the whole array. We feel this is an improvement over 
previous approaches. 

The output transistors are distributed across the whole width at the edge 
of the readout to reduce and distribute any emission from them. Because of 
the integral current source, which can easily be switched off by a single line, 
the output transistors can be shut down during long integrations to eliminate 
any photon contributions from them. 



6. Performance 



6.1 Fabrication 

To date, four complete hybrid modules have been fabricated. In all eases 
each yielded a very high operability but of course not without some 
problems. The major problem is what has been coined as PEDs (photon 
emitting defects) caused by shorts either between the detector and the 
readout or in the readout itself. Fortunately, a method of dealing with these 
defects was worked out during the Aladdin program and it docs not cause us 
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much concern. The removal of each PED results in the removal of a 5x5 
pixel area at the defect location. 

6.2 Testing 

Between RIO and NOAO. we have cryogenically cycled the four initial 
hybrid modules over 20 times with no evidence of cracking or pixel 
delamination. There is minimal test and performance data at NOAO because 
the required controller for the Orion test system is still being produced. We 
have been able to get a limited amount of noise data from the reference 
pixels, but the University of Rochester has been able to do more work in that 
area. This data shows that the Orion readout noise is slightly lower than the 
latest Aladdin devices. At NOAO, slow scan noise in the reference channels 
was 34 pV rms with Fowler 1 sampling and similar results were obtained by 
the University of Rochester. Rochester was also able to confirm that the 
noise decreases as expected with further Fowler sampling. In fact, they were 
able to achieve a noise level of 5 pV rms at 32 Fowler pairs. Since the Orion 
pixels are 85% of the Aladdin size, we can expect the read noise to be in the 
range of <20 e‘ rms. RIO, as well as NOAO, is hoping to achieve similar 
results in the near future. 

We have run gain and linearity tests on this readout and the device has an 
overall gain of 0.75 and a linear operating range of over IV. For these tests 
we used the integral output current source and a drain current (I d ) of 100 pA. 
The linear range of the unit cell and output amplifier is adequate for a 1 V 
detector bias. 



7. Acknowledgements 

We w ant to recognize the extraordinary efforts of the Astronomy Team at 
Raytheon Infrared Operations. Their w'ork, which involved going from 
concept to the delivery of the largest infrared focal plane in less than 18 
months, is a great achievement. We also wish to acknowledge the financial 
support of Sidney Wolff of NOAO, NASA, and USNO, without w hom this 
program w'ould not have been possible. 




PERFORMANCE OF 5 MICRON, MOLECULAR 
BEAM EPITAXY HgCdTc SENSOR CHIP 
ASSEMBLIES (SCAs) FOR THE NGST MISSION 
AND GROUND-BASED ASTRONOMY 



James D. Garnett', Majid Zandian 1 . Roger E. DeWames 1 , Michael 
Carmody 1 , John G. Pasko', Mark Farris', Craig A. Cabelii 1 , Donald E. 
Cooper 1 , G. Hildebrandt 1 , J. Chow 1 , John T. Montroy 1 , Jose Arias', 
Jagmohan Bajaj 1 , and Kadri Vural 1 and Donald N.B. Hall* 

'Rockwell Scientific Company, * Institute for Astronomy, University of Hawaii 



Abstract: Low background applications place the most stringent requirements on 

detector material, requiring the lowest possible dark currents, highest 
quantum efficiencies, negligible image persistence (image latency or 
"ghosts "), high operability, and good uniformity. Rockwell Scientific \s MU IR 
(Aco=5/Jm) MBE IlgCdTe/CdZnTe consistently meets these stringent 
requirements due to a number of growth techniques unavailable to other 
MWIR materials. The first part of this paper focuses on the advantages offered 
by MBE 1/gCdTe on CdZnTe detectors. The second part focuses on the 
functional capabilities of our most recent multiplexers, the HAWAII- IRC and 
HA WAH-2RG. Finally, the paper briefly concludes with a look at the future of 
SC A control with Rockwell Scientific's new NGST ASIC far control and 
digitization of the HA WAII-RG series multiplexers. 

Key Holds: HgCdTe, multiplexer. Readout Integrated Circuit (ROIC). Next Generation 

Space Telescope (NGST). Application Specific Integrated Circuit (ASIC) 



1. Introduction 

Over the last few years, molecular beam epitaxy grown mercury 
cadmium tclluride on cadmium zinc tclluridc substrates (HgCdTe MBE on 
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CdZnTe) has proven to be the highest performance MVV1R (l-5|im) detector 
material for low background applications compared to any other MWIR 
material, including the historical "standard,” indium antimony (InSb). 

Low background applications place the most stringent requirements on 
detector material, requiring the lowest possible dark currents, highest 
quantum efficiencies, negligible image persistence (image latency or 
"ghosts"), high operability, and good uniformity. Rockwell Scientific’s 
MWIR MBE HgCdTc/CdZnTc consistently meets these stringent 
requirements due to a number of growth techniques unavailable to other 
MWIR materials, either grown as a boule and sliced, grown by liquid phase 
epitaxy (LPE), or even grown by MBE on alternative substrate materials. 

The first part of this paper focuses on the advantages offered by MBE 
HgCdTe on CdZnTe detectors. The second part focuses on the functional 
capabilities of our most recent multiplexers, the HAWAII- 1RG and 
HAWAI1-2RG. When MBE HgCdTe on CdZnTe is hybridized to a state-of- 
the-art "HAWAII" scries multiplexer, the sensor ship assembly (SC'A) 
combination results in one the finest sensor chip assemblies available. 
Finally, the paper briefly concludes with a look at the future of SC'A control 
with Rockwell Scientific’s new NGST ASIC for control and digitization of 
the HAWAII-RG series multiplexers. 



2. DETECTOR ARCHITECTURE 

Rockwell Scientific’s MBE is grown in a double layer planar 
heterstructure (DLPH) architecture, illustrated in Fig. 1. 

The growth on the CdZnTe substrate begins with the bulk HgCdTe, which 
represents the active absorbing layer of the detector structure. This bulk 
material is grown as n-type with indium doping. The cut-off of the bulk 
material is determined by the mole fraction (x) of Cd. The cut-off of 
HgCdTe is tuned by adjusting the value of x in the Hg,i. x) Cd x Te 
composition; the smaller the fraction of x, the longer the cut-off wavelength. 
After the bulk HgCdTe is grown to the desired thickness, the layer is capped 
off with a thin, higher bandgap energy composition (x^p > x bu ik) layer. The 
higher bandgap energy composition reflects minority carriers (Force 
« -f)Egap/r)z, w'herc z is the dimension in the growth direction, normal to 
the substrate plane) away from the frontside. 
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Figure I. Detector cross section of the double layer planar heterostructure (DLPI1) grown by 
MBE HgCdTe on CdZnTe. The base and cap layer are doped with indium. The p- 
n junction is formed by arsenic implantation and passivated with CdTe. 



This greatly reduces potential problems associated with frontside trapping. 
In addition, because of the exacting control of the bulk growth prov ided by 
molecular beam epitaxy, a compositional gradient is routinely built into the 
bulk material that also drives the minority carriers away from the backside. 
This gradient improves crosstalk, quantum efficiency, intra-pixel sensitivity, 
and potential problems associated with backside trapping. The ability to 
obtain these very low defect Hg ( |. X |Cd x Te layers has been previously 
discussed and presented in earlier papers [1-3]. 

After detector growth, the detector array is defined by processing the 
detector layer into a chosen pixel format by creation of p-type implants 
arranged in an nxm matrix with a given pixel pitch. The p-type implants 
now create the p-n junctions that define the individual pixels. The p-type 
"buried" junction pixels are defined by arsenic ion implantations. The 
junction is called "buried" because the majority of the implant resides in the 
capping layer of the structure with only a small volume intersecting the bulk 
n-type material. The detectors are completed by MB1£ deposition of a 
frontside CdTe passivation layer. Contact is made to the p-side of the p-n 
junction with metal deposition. Indium bumps are evaporated onto the metal 
contacts and the detector array is ready for bump bonding to a matching 
silicon readout array, as illustrated in Fig. 2. The indium contacts provide 
the electrical connection that allows the detector photocurrent to be 
integrated and sensed by the silicon readout as an equivalent voltage 
(transimpedance amplification) and eventually multiplexed to the outside 
world. For a 2Kx2K array, over 4 million individual indium bumps are 
bonded together. 
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The major advantage of molecular beam epitaxy HgC'dTe on CdZnTc 
over all other detector growth techniques is its ability to "bandgap" engineer 
the growth of the detector. As the detector is grown on the substrate, the 
detector process parameters can be monitored in situ and adjusted real time 
to create the desired detector architecture with precise and repeatable 
control. “Bandgap” engineering allows exact definition of the epi thickness, 
doping profile, compositional structure, and capping layer of the detector. 
By growing the MWIR HgC'dTe on near perfectly lattice matched CdZnTc, 
detectors are produced with the lowest levels of dislocations and defects of 
any MWIR detectors in the world today. This produces the lowest dark 
currents, and virtually no problems associated with persistence due to the 
trapping of photo-generated minority carriers by defects and dislocations. 




Figure 2. The hybrid sensor chip assembly consists of bonding a detector array to a matching 
silicon array via indium bump contacts. This figure shows the hybridization 
components for the NGST 2048x2048. 5 pm MBE HgCdTe SCAs. 



3. Detector Evaluation Methods 

Detector performance is evaluated before producing hybrid assemblies 
(see Fig. 2 above) by testing variable area test diodes processed on the same 
detector layers, or wafers, as the detector arrays themselves. 1 These process 

1 The silicon readout die are also evaluated before hybridization via wafer probing both at 
initial receipt of the wafers from the silicon foundry and after backend processing, which 
evaporates the indium bumps onto the individual pixel "unit cells” of each readout die. 
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evaluation control (PEC) diodes or chips are diced from the detector layer, 
mounted and wire bonded in leadless chip carriers, and tested to assess the 
quality of the grown and processed layer. 

PEC testing includes current versus voltage (1-V) characterization of the 
individual diodes and spectral quantum efficiency (QE) measurements. The 
functional dependence of the current versus diode bias voltage is an indicator 
of the goodness of the diodes. The QE spectral provides the detector layer 
cut-off wavelength and the possible presence of traps or dislocation 
problems through the relative change in QE with wavelength. 

Analysis of the slope of the I-V curve in forward bias provides 
information on the dark current mechanisms present in the diode. This is a 
very useful technique because the forward bias current dependence is given 
by the simple empirical formula, 

/ • « exp(e V /h /(nk T )) ( 1 ) 

where e is the electronic charge, V /h > 0 the forward bias voltage, n a 
"mechanism parameter” discussed below, k Boltzmann's constant, and 
T the temperature of operation. Forward bias operation provides an 
exponentially amplified look at the dark current, w hich insures that the dark 
current measurement is w'ell above test set limitations. 

The ultimate dark current performance is set by diffusion-limited 
performance, the most fundamental dark current mechanism. 2 The other 
mechanisms can, in principle, all be reduced or eliminated by appropriate 
device design or through the elimination of surface and bulk defects. 
Diffusion current is the thermally driven creation of electron-hole pairs in 
the bulk material (in both the n-type and p-type regions, but usually 
dominated by the n-type bulk since the p-type is doped much higher than the 
n-type and the thermal generation rate is inversely proportional to the 
doping). In forw ard bias, the slope of the logarithm of the current versus the 
bias voltage is given by ef(nkT). For diffusion dominated dark current, n = 
I . and for generation-recombination (g-r) currents, the slope is given by n = 
2 (for mid-gap trapping states). If the measured "slope” value n deviates 
from unity, it is indicative of non-ideal behavior, implying a significant trap 
contribution. For tunneling or surface leakage currents n > 2, typically 3- 
5. Typically, MW1R diodes operate at relatively high temperatures, e.g., 
greater than 150 K, are dominated by the diffusion dark current and only 
start to show deviations as the temperature is dropped below - 100 K. As 



2 Since Ihe theoretical limit for ideal dark current performance is set by the diffusion current, 
with n - I Ihe “ideal" diffusion limited dark current, n is often referred to as the “ideality" 
factor. Values of n greater than I represent deviations from the ideal dark current limit. 
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diffusion and g-r currents become competitive at the lower temperatures the 
value of n lies somewhere between 1 and 2. 

The overall quality of the diode under reverse bias, the actual bias for 
operation of the detector arrays, is determined by the dependence of the 
reverse bias current. Ideal diode behavior has a Hat (constant) current versus 
reverse bias, whereas non-ideal behavior shows a soft breakdown with 
approximately linearly increasing (negative) dark current versus reverse 
bias' or "abrupt” breakdown with a dramatic increase in dark current over a 
very small (~ 10 mV reverse bias change) variation in reverse bias. Both of 
these latter scenarios are indicative of poor dark current behavior of the 
diode due to excess currents. Figure 3 is illustrative of these three I-V 
characteristics. 




Figure J. Typical I-V curve characteristics showing ideal diode behavior, soft breakdown 
under reverse bias and abrupt breakdown under reverse bias. 



Finally, the RoA product (product of dynamic impedance at zero bias 
with junction area -1 can be calculated for the slope of the I-V curv e near zero 
bias. This product provides an indication of quality of the diode, with large 
RoA products implying very low dark current devices for a given 
temperature. From the RoA product, the saturation diffusion current in 
reverse bias can be estimated. 

Unfortunately, at very low temperatures, this very small current cannot 
simply be read off the I-V graph in reverse bias. At these low dark current 
levels other current mechanisms, such as "shunt” resistance currents (with 



’ G-R dominated dark currents will actually show a natural "soft" breakdown with reverse 
bias because the magnitude of the g-r current depends on the detector junction depletion 
width, which itself increases with increasing (negative) reverse bias. 

’ For smaller area diodes it is necessary to substitute the "optical” area of the diode rather than 
the physical junction area. This is because for small area diodes the diffusion length of the 
minority carriers, which defines the length outside the depletion region from which charge 
carriers can be collected, becomes a significant fraction of the diode area. 
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Rshunt < Rdct) or photo-currents which result from small light leaks in the 
test dewars, 5 dominate due to test set limitations. 

Once the RoA is accurately calculated, the magnitude of the current 
density can be estimated for diffusion limited behavior under reverse bias 
saturation from 

Jdiff = {kT/e-)/{RoA ) (2) 

From this current density, the estimated diffusion limited dark current for 
the detector array pixels is calculated by Idiff = Apix • Jdiff , where 
Apix is the pixel area. 

The PEC I-V characteristics are analyzed at different temperatures, which 
provides insight into when and what non-ideal dark current behavior 
becomes important as the detector is cooled. The best detectors show 
diffusion-limited behavior at the lowest temperatures. As mentioned 
previously, good detector diodes show diffusion-limited behavior above 
-120-150 K and then, depending on the quality of the detector, show- 
deviations as the temperature decreases. 

The spectral QE data provides the cut-off wavelength for the detector 
layer as well as the uniformity when measured on several PECs located all 
around the detector array. The relative QE versus wavelength provides 
information on the quality of the back and frontsides of the detector. The 
overall magnitude of the QE provides information about the diffusion length 
and hence the quality of the bulk material (in terms of lifetime and trap 
density). Ideally, one looks for a relatively Hat QE versus wavelength. At 
shorter wavelengths, where the photons are absorbed much closer to the 
backside of the diodes, a drop in QE is indicative of traps and dislocations. 6 
One also looks for a sharp fall-off in QE versus w avelength near the cut-off. 
A slowly decreasing or "soft” slope is indicative of process non-uniformities 
and/or a large number of traps located near the conduction band edge. For 
MW1R HgCdTe, the theoretical maximum QE for non anti-reflection coated 
material is somewhere near 74-78 % (it is somewhat process dependent). 



Dr. Majid Zandian. Rockwell Scientific Company, has recently pioneered a technique of 
"ganging" a large number of high quality diodes from the same detector layer to overcome 
these low temperature limitations by effectively magnifying the total dark current of the 
multiple diodes to a level above the test set limitations. 

" This is not always the case, since there are situations where a drop in QE at shorter 
wavelengths is part of the detector design. We are not talking about such detectors in this 
paper. 
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4. MWIR Detector and SC A Performance Results 

4.1 Dark Current 

For NASA's Next Generation Space Telescope (NGST) technology 
demonstration program, a large number of detector layers were grown with 
cut-offs near - 5.0 pm at 77 K. The cut-off at the NGST operational 
temperature for HgCdTe material, 37 K, is longer by - 0.3-0.4 pm. 7 All the 
layers grown in the last tw'O years, after w ( e had tuned the appropriate growth 
technique, show the same consistent PEC characterization results, spanning 
five detector lot runs and consisting of over 20 individual detector layers. 
For the 1024x1024 format w'e processed eleven 5cmx5cm layers, each layer 
containing 4 detector arrays, and for the 2048x2048 format we processed ten 
6cmx6cm CdZnTe substrates, each layer containing 1 detector array. To 
date, w'e have characterized over one dozen 1024x1024 SCAs hybridized 
and tested for the NGST demonstration program and w'e have just begun to 
hybridize our first 2048x2048 SCAs. Figure 2 above shows a representative 
6cmx6cm CdZn Te substrate with 5 pm MBE HgCdTe grown and processed 
into a 2048x2048x18.0 pm pixel format. 

Representative l-V curves are shown in Fig. 4 and 5. 




Figure 4. I-V curve for PEC data from layer 2-1366 al 60 K. Current density is plotted as the 
absolute value current density, so negative currents in reverse bias appear positive 
on this graph. 



For MWIR HgCdTe. the material bandgap decreases with decreasing temperature. 
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Figure 5. !-V curv es versus tcmpcralure for the same layer shown in Fig. 4 above. 

These curves clearly show the stunning performance of Rockwell 
Scientific’s MW1R HgCdTe. Diffusion limited behavior is seen throughout 
the forward bias region with no indication of a break in the «-l slope; 
furthermore, this ideal detector behavior is maintained all the way down to 
60 K. Below this temperature there is a slight indication of non-diffusion 
dark current noticeable only at the lowest biases and temperatures. The most 
likely mechanism for this current is tunneling. 

The layer associated with Fig. 4 is processed in a 1024x1024 format 
detector array, grown on 5cmx5cm CdZnTe substrate. The test data in Fig. 
4 are the circles and the black curve is a theoretical fit to the data. An RoA 
value of 2.5xl0' : ii-cm 2 translates into a detector array current of- 0.04 e- 
/scc at 60 K. Note that the reverse bias saturation current is higher than the 
actual dark current of the detector. This is due to the lack of light tight dewar 
out to 5 pm; therefore, photo-current was included in the theoretical 
calculation. 8 

The data in Fig. 5 show the remarkable diffusion limited behavior down 
to about 60 K. The current densities in reverse bias are fiat as expected for 
good devices. Below about 80 K, the reverse bias dark current is photo- 
current limited and doesn't represent the actual reverse bias current density. 
The rollover in current at high forward bias is expected and is due to scries 
resistance of the contacts to the diode. 



* For routine, production PEC testing the dewars are designed for rapid turnaround to provide 
basic detector layer quality information. Ultimate dark current performance is tested on 
the SC As in custom-designed, light tight SCA dewars. 
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The reverse bias characteristics are Hat and the extracted RoA's versus 
temperature shown in Fig. 6 are the highest RoA MW1R values in the 
published literature. Assuming diffusion limited dark current, the implied 
dark current level for Rockwell Scientific's 18.0 pm pixel arrays is less than 
30 c/sec at 77 K for measured median RoAs in excess of 5x1 O'* £2-cnr. And 
measured (median) RoAs near 2.5x1 0 |: f2-cm : at 60 K, imply pixel dark 
currents below 0.1 e /sec. 
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Figure 6. RoA values versus inverse temperature showing the excellent performance of 5 mm 
MWIR MBE HgCdTe on CdZnTe. 

Beyond about 1 E+09 Q-cm 2 , the PEC diodes must be “ganged” together 
to overcome test set limits. This allows the evaluation of PEC diodes to 
extend down into the sub-77 K regime and confirm the high quality of the 
grown detector layers. 

These amazing detector dark current values predicted from the PEC test 
data are corroborated by hybridized SC A data shown in Fig. 7. Figure 7 
shows dark current versus inverse temperature (1000/K) on a log-linear 
scale. 

As with forward bias operation, in reverse bias operation the saturation 
current shows an exponential dependence that also contains the 
"mechanism” parameter n , shown in Equation ( 1 ). In this case 

1 oc cxp(Egap/(nkT)) 



(3) 
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where Egap is the bandgap of the detector material. The linear slope in 
the logarithm of dark current versus 1/T in Fig. 7 is very clear and allows an 
easy extraction of the slope factor n. 
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Figure 1. Comparison of dependence of dark current on temperature between MBE grown 
MWIR HgCdTe SCAs and the best reported values for InSb arrays. HgCdTe 
1024x0124 arrays with 18x18 pm pixels, whereas InSb arrays are 27x27 pm pixels 
for the 1024x1024 arrays and 30x30 pm pixels for the 256x256 arrays. HgCdTe 
cutoff =5.3 pm. 

As can be seen in Fig. 7, the HgCdTe data follows a near perfect n = I 
slope, whereas InSb, the other competitive MWIR material, follows an n = 2 
slope, as measured by Dr. Gert Finger at ESO [4], From this graph, it is 
clear that InSb is dominated by g-r currents, driven by mid-bandgap traps, 
which lead to higher dark currents compared to HgCdTe for any given 
temperature down to about 30 K. Below 30 K, data does not exist for 
HgCdTe'. Below - 40 K, 5 pm MBE HgCdTe dark current levels olT to a 
constant level on the order of a few e7 1,000 sec. This dark current is 
probably due to surface leakage or a tunneling mechanism (e.g., band-to- 
band) since it is relatively temperature independent. 

The point of both of this graph is to show that 5 pm HgCdTe shows 
superior dark current compared to InSb for any given temperature down to 



" Since MBE HgCdTe easily meets the stringent dark current needs for the NGST mission 
well above the 30 K minimum operating temperature for the NGST 5pm detector bands, 
there is no need to test below this lower temperature limit. Below 37 K the HgCdTe dark 
current levels off to a few electrons per thousand seconds. 
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about 30 K. This is understood from the fact that HgCdTe dark current is 
diffusion limited while InSb dark current is g-r limited. Both materials have 
demonstrated sub- 10 eVK-sec level. InSb at a temperature below 30 K and 
HgCdTe at temperatures below 40 K. But the focal plane array data for 5 
pm MBE HgCdTe dark currents are consistently measured at the -10 c 
IK sec level below 40 K. 

The situation for large format 1024x1024 5 pm MBE HgCdTe is 
impressive: dark currents well below 0.01 e'/sec (36 e'/hour) at temperatures 
from -30 to 40 K operation have been measured for 13 of 15 tested 
1024x1024 MW1R HgCdTe SCAs. At the time this paper was written 
(August. 2002) our first 2048x2048 SCA had been hybridized and showed a 
mean dark current below 0.01 e /sec at 37 K [5].'° 

4.2 Quantum Efficiency and Spectral Response 

The PEC diode spectral responses are measured with a Fourier transform 
infrared spectrometer and the 50% spectral cutoff wavelength (Xto) is used 
to determine the energy gap of the HgCdTe. The spectral response for these 
devices is near classical. A typical spectral response curve for a device with 
Xco of 5.14, 5.36, and 5.44 pm at 78, 40, and 30 K, respectively, is illustrated 
in Fig. 8. Note that the cutoff wavelength is sharp at all temperatures and 
corresponds well to the designed HgCdTe composition of the epilayer. 




Wavelength [um] 



Figure 8. Spectral response and narrow band filter QE measurement of MW1R 1024x1024 
array process evaluation control (PEC) chips at three different temperatures of 78. 40. and 30 
K. The various dips in the relative response near 2500 nm and 4200 nm are absorption 
features of IPO and CO : . The PEC chips are not anti-reflection coated. 

n) Due to the publication date of this paper, some of that 2K.\2K data has been included in the 
data in Figure 7. 
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The relative QH is tied to an absolute value with a narrow hand filter 
measurement taken at 3.5 pm with a calibrated, high temperature blackbody 
source. The absolute QEs for all of the devices measured are all consistently 
above 70 %. The spectral response is also relatively independent of device 
operating temperature from 78 K down to 30 K. 

Rockwell Scientific has also developed substrate removal of 
HgCdTe/CdZnTc epilayers at the SC'A level and subsequent passivation of 
the backside of the bare HgCdTe. Removal of the C'dZnTe substrate permits 
detection of visible photons, allowing the useable range of MWIR HgCdTe 
SC'A wavelength detection to range from 0.4-5. 5 pm. We have measured 
dark current, Qli, operability, and uniformity on almost half a dozen 
1024x1024 MWIR HgCdTe arrays, two devices both prior to and after 
substrate removal and again after final backside passivation. No detectable 
change or degradation in performance of these SC'As was observed. Full 
spectral scans for substrate removed SC'As only exist at the present time on 
SW1R (Xco - 2.2-2. 5 pm) HgCdTe devices that pioneered the substrate 
removal technology on other programs. Those spectra show very fiat 
spectral response from - 0.4 pm to Xeo. The ability to develop anti-reflection 
coatings that allow the Qli of the MBli HgCdTe SC'As to exceed 80 % is a 
well-developed capability within the thin films optics group at Roekwell 
Scientific. Figures 9 and 10 show a MWIR SC'A delivered under NASA's 
Deep Impact program with a 1-5 pm anti-reflection coating. 




Figure 9. Histogram for an anti-reflection coated 4.8 pm MBE HgCdTe SCA hybridized to 
the HAWAII- 1 R ROIC. 
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Figure 10. Responsivity gray scale for an anti-reflection coated 4.8 pm MBE HgCdTe SCA 
hybridized to the HAWAII- 1 R ROIC. 

This image is laken in K-band (2. 1 -2.4 jun). Mean QE is 82.6% and 
operability is > 99.4%. The dark border around the greyscale image is the 
embedded reference pixels (see Fig. 10). 

Table 1 below summarizes the PEC results for the most recent layers 
grown for the NGST technology demonstration of 2048x2048 detector 
arrays. These layers are grown on 6 cmx6 cm CdZnTe substrates. All the 
layers show excellent cut-off wavelength and thickness uniformity. 

Table I. NGST technology demonstration 6 cmx6 cm layer inventory. All of the layers have 



been processed into 2048x2048 detector array formats with 100% yield. 



Lot W 


Wafer ID 


Aco ® 77K 


QE <S> 77K 


Median RoA (at 77K 






|pm| 


[%1 


(ft-cm'| 


1 


1487 


5.1 


78.2 


I.10E+09 


1 


148S 


4.8 


77.1 


I.30E+09 


1 


1489 


5.0 


75.5 


5.01E+08 


1 


1490 


5.2 


76.2 


3.30E+09 


1 


1491 


5.1 


77.6 


4.88E+08 


2 


1492 


4.9 


75.1 


2.63E+09 


2 


1493 


5.0 


76.1 


3.78E+08 


2 


1494 


5.0 


72.6 


6.30E+09 


2 


1495 


5.0 


73.8 


6.60E+08 


2 


1496 


5.0 


76.4 


2.78E+09 



Figure 1 1 shows a photograph of one of the MBE grown NGST 
demonstration detector layers on a 36 cm" CdZnTe substrate and 
corresponding statistics of the layer. Note that the 2048x2048x18.0 pm 
detector array spans less than 3.7 cm on a side and is processed in the “sweet 
spot" eenter of the layer, improving the already impressive uniformity 
statistics. 
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Figure II. Photograph of an MBE grown NGST demonstration detector layer and 
corresponding uniformity statistics. 

5. HAWAII-RG Series Large Format Multiplexers 

The latest readout integrated circuits (ROICs) or multiplexers from 
Rockwell Scientific continue the successful evolution of the HAWAII"- 
series multiplexers. The HAWAII series ROICs are all source- follower per 
detector unit cell architectures with increasing functionality as they have 
evolved over the last eight years. Each evolutionary step of the HAWAI1- 
series' ROICs has witnessed a gain in functionality and migration to the 
latest state-of-the-art design rules at the most sophisticated silicon foundries 
in the world. Each of the readouts has been designed and fabricated with 
first pass success. The HAWAII- 1, a 1024x1024x18.5 pm format, 0.8 pm 
CMOS ROIC, was introduced in 1994 with first pass design success. It was 
followed in 1998 with the HAWAII-2, a 2048x2048x18.0 pm format, 0.8 
pm CMOS ROIC. The HAWAII-2 became Rockwell Scientific’s workhorse 
for its 2048x2048 production SCAs, the so called PACE 12 technology. 



" HAWAII is an acronym for HgCdTe Astronomy Wide Area Infrared Imager. The ROICs 
were pioneered by a collaboration between Rockwell Scientific and Dr. Donald N.B. Hall 
at the Institute for Astronomy. University of Hawaii. 

12 PACE is an acronym for Producible Alternative to Cd(Zn|Te Epitaxy. 
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utilizing liquid phase epitaxy HgCdTe on a sapphire substrate. These arrays 
were first produced in 1998 and moved into full production in 2000. 
Presently these arrays are produced at a rate of 1 yielded science grade 
device per month. 

In 2000. the HAWAII-1 R, a 1024x1024x18.0 pm format, 0.5 pm CMOS 
ROIC was introduced. The HAWAII- 1 R was produced jointly under the 
NGST technology demonstration program and the Hubble Space 
Telescope's Wide Field Camera 3 (WFC-3) program. It will be flown on 
both NASA's Hubble Space Telescope and Deep Impact comet interception 
missions. This ROIC features reference pixels (the "R" in -1R) embedded 
in the pixel format as well as a separate reference output available at the end 
of each row readout. The reference pixels arc used to eliminate any long 
integration time electronic drifts in the baseline of the ROIC due cither to 
system l/f noise or possible thermal drifts. Ihe HAWAII-1 R also 
successfully introduced glow suppression techniques in the design to 
eliminate the edge glow seen by the detector under extremely low 
background conditions. 1 ' The dominant sources of this glow are the output 
amplifiers and clock drivers. 

In 2001 the HAWAII- 1RG, a 1024x1024x18.0 pm format, deep sub-pm 
CMOS ROIC was designed and tested. The HAWAII- 1 RG was designed 
under NASA's NGST technology demonstration program as the stepping 
stone for the larger format HAWA1I-2RG. The HAWAII- 1 RG has had 100% 
of its functionality confirmed. And because the HAWAII- 1RG was 
processed at UMC, one of the world's leading silicon foundries, the yield of 
perfect science grade die is extremely high, in excess of 40 %! 

The HAWAII- 1RG features embedded reference pixels, a separate 
reference output available whenever an active pixel is read out, and a 
separate guide window output (the “G” in -1RG). Again, the reference 
pixels allow the user to eliminate long integration time electronic drifts due 
to system l/f noise or thermal drifts of the focal plane array. The guide 
window, among many possible application advantages, allows very' stable 
tracking of a guide star. The guide window is an arbitrarily sized rectangular 
window located anywhere within the pixel format. The window output is 
read out at speeds up to 5 MHz and interleaved with the full frame "science" 



This glow is always present in any silicon circuitry. All semiconductor chips emit both 
infrared and visible light photons when they are running. These emissions occur during 
the normal operation of a chip. These normal emissions are due to either thermal effects, 
driven by temperature changes due to localized heating within the chip, or non-thermal. 
driven by energy band structure considerations. These emissions are often extremely faint, 
but can be seen by the very sensitive infrared detectors. For most emissions seen by 
infrared detectors the emission is driven by the silicon energy band structure and typically 
falls in the range near - 1 .0 urn. although hot electron'brehmsstrahlung effects extend this 
response further into the infrared. 
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data. The HAWAII- 1 RG completed the successful glow suppression 
techniques begun with the HAWAII- 1R to the point that the upper limit to 
measured glow is less than 0.02 e- per pixel per frame readout. 

The readout noise measured at the time of this paper is < 15 e rms CDS 
at 375 kHz bandwidth for a 125 kHz slow' readout mode operation and for 
temperatures from 37 K to room temperature. This read noise number is 
preliminary since a new' test system has been implemented. In addition, it 
has already been demonstrated by independent testing at the University of 
Hawaii that multiple sampling up to 8 sample pairs shows a 1/VN 
improvement and preliminary single sample CDS readout noise is closer to - 
12 c-rms [5]. The -12 e-nns CDS noise level is consistent with what has 
been verified by multiple astronomers on the previous HAW'AlI-series 
ROICs. All quoted input referred noise figures are with actual SCAs which 
have the full capacitance of the integration node with a detector hybrid 
present. 

It appears very likely that multiply sampled (Powder sampling or 
sampling-up-the-ramp) readout noise below 3 e- rms is easily achievable. 
This noise level is the goal readout noise for the NGST mission; however, 
the NGST readout noise goal includes the contribution from dark current and 
hence drives the indirect requirement for dark currents below 0.01 e-/sec. 
The NGST nominal integration time is 1000 sec and with a dark current, 
e.g., of 0.1 c-/sec the associated shot noise w'ill be 10 e-rms. This provides a 
fundamental limit to the lowest readout noise attainable, no matter how 
many samples are taken. For MBF HgCdTe. with dark currents below 10 e- 
/Kscc, the associated shot noise is below' 3 e-rms. With multiple sampling, 
the multiplexer readout noise contribution must be brought below - 1 e-rms 
to achieve the NGST goal. This seems achievable, but has yet to be 
demonstrated. 

The HAWAII-2RG multiplexer has been fabricated at the UMC foundry, 
the second largest silicon foundry in the world. The HAWAII-2RG is 
functionally identical to the HAWAII- 1RG, but W'ith a 2048x2048x18.0 pm 
pixel format. The HAWAII-2RG has the identical functionality as the 
HAWAI1-1RG and essentially only differs in the number of selectable 
outputs: 1, 4, or 32 outputs compared with the selectable I, 2, or 16 outputs 
of the HAWAII-1 RG. The functionality of the ROIC has been 100% 
confirmed and hence, the HAWAII-2RG represents the 5 th consecutive first 
pass design and fabrication success in the HAW'AII-series ROICs. Once 
again, the yield from the UMC foundry is remarkable: > 22% yield of 
perfect die and > 60% yield of science grade die 14 . 



14 Science grade die is defined as a ROIC with functional operability > 99.9%. This is 
achieved with < 2 column outages. 
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Figure 12. Example of the organization of the output channel structure for the HAWAII-2RG. 

Shown here is the organization for 4-output mode. The shaded border around the 
entire array is the 4 columns and 4 rows of embedded reference pixels. Note the 
ability to select the direction of the readout shift registers to provide for seamless 
temporal coincidence at output channel borders. 

The HAWAII-1 RG and -2RG arrange their outputs as blocks of 
columns, e.g., the 4-output mode of the HAWAI1-2RG has each output 
channel handling 2048 rows by 512 columns, as illustrated in Figure 12 
below. All the previous HAWAll-series designs utilized a quadrant format. 
The present design is more “monolithic” in the sense that there are no longer 
independent biases and clocks for the individual quadrants that exists in the 
previous designs. This has allowed the -RG series ROIC's to evolve with 
bond pads on only a single side of the die. This makes both readouts 3-side 
buttable and 4 ( " side near-buttable for mosaicing of the SCAs into much 
larger focal plane arrays, much like the way the CCD world has progressed 
with huge mosaics. 

Figure 13 shows an illustrative 8Kx8K mosaic possible with the HAVVAI1- 
2RG design. 

To date almost two dozen orders are in-house or almost in-house for 
individual HAWA1I-2RG SCAs for use in mosaics of 4Kx4K and 6Kx6K 
designsA summary of the key features of the HAWAII-2RG/IRG include: 

- Bi-directional shift registers for seamless output boundaries 

- Selectable 1 , 4. or 32 analog outputs ( 1 , 2, or 16 outputs for the 
HAWAII-1 RG) 

- Selectable global, row-by-row, or single pixel reset 

- Separate reference and window outputs (although the window' image can 
be read out via one of the conventional analog outputs) 
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Figure 13. Schematic of an 4x4 mosaic, 8Kx8K pixel mosaic of HAWA11-2RG SCAs. Gaps 
at the close-buttable sides are under 2.3 mm and between the near-buttable side are 
5.1 mm. Full spatial extent of this 64 Mpixel focal plane array is almost 155 
minx 1 65 mm. 

- Selectable "slow” operation mode (100-500 kHz per output data rate) or 
"fast" operation mode (-1-5 MHz per output data rate with 16 selectable 
gains from 1 - 16 ) 

- Simplified clocking with internal re-generation of the clock pulses 

- Complete suppression of all amplifier and elock driver "glow” 

- "Enhanced” clocking mode that includes the capability for sub-frame or 
sub-row integration times 

- Programmable serial interface for all of the available operational modes 

The HAWAII-2RG is the 2048x2048 ROIC for the 5 pm MBE HgCdTe 
demonstration SCAs for NGST. 



6. Future Trends for Rockwell Scientific 

Rockwell Scientific is presently designing an application specific 
integrated circuit (ASIC) for NGST that will provide full command and 
control of many of Rockwell Scientific's ROIC’s, specifically the HAWAII- 
1RCJ/2RG ROIC's. 

Motivated by the desire to simplify SCA implementation, RSC has 
developed this ASIC to manage all aspects of SCA operation and output 
digitization. The relatively small size of the ASIC (- 22 mmx!4 mm) allows 
for nearby mounting and easy implementation on either warm or cold system 
components. Close mounting to the SCA(s) keeps analog signal paths as 
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short as possible and provides flexibility in configuring the focal plane/drive 
electronic sub-system. These factors result in drastic reduction in space, 
weight and power consumption of the drive electronics as compared with 
traditional component drive electronics. Accordingly, the “SIDECAR” 
represents a tremendous saving for space-based telescopes and earth science 
satellites. Ground based astronomy benefits from commonality, lower 
overall cost, ease of programming from a host computer, and simplicity of 
electronics. All applications benefit from improved reliability. 

A summary of the key features of the NGST ASIC include: 

- 32 input channels 

- 4 additional channels for reference output, window output, temperature 
sensors 

- Up to 500 kHz A/D conversion per channel with 1 6 bit resolution 

- Up to 10 MHz A/D conversion per channel with 12 bit resolution 

- Preamplifier gain = 0 dB - 27 dB in steps of 3 dB 

- 32 programmable digital I/O (clock generation) 

- 20 programmable bias voltagcs/currents 

- 16 bit Microcontroller 

- In-flight programmable 

- Excellent arithmetic capabilities (smart chip!) 

- Efficient power-down modes 

1 - 24 digital output channels for data transfer (LVDS or CMOS) 

- <100 mW at 100 kHz 32-channel operation 

- Chip dimensions are 22 mmx 14 mm using state of the art deep 
submicron CMOS processing 

- Only requires one power supply, one fixed reference and one master 
clock for operation 

7. Conclusion 

Beginning in early 2000. Roekwell Scientific embarked on the design of 
a “next generation" MVV1R (Xco = 5 pm) SCA. We determined the 
necessary growth processes to produce consistently high performance MBE 
HgCd'fe detector arrays. In addition, we look the traditional SFD 
architecture of the astronomy ROIC and carried it to the next level of 
sophistication with 100% design success. These two accomplishments have 
resulted in a revolutionary step in MW1R SCA performance for both space- 
based and ground-based astronomy. 

Rockwell Scientific is now executing a dramatic technology 
advancement in command, control, and digitization of infrared SCAs by 
designing a revolutionary application specific chip to provide full command 
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and control of the SCA operations with minimal inputs and providing 
digitized data at the output. This advancement will maximize the impact of 
the SCA performance improvements that we have already achieved. The 
next generation of SCAs with ASIC controller will soon arrive, providing a 
complete command, control, and digitization package system for the entire 
astronomy community. 

Rockwell Scientific is now in the final phases of producing 5 pm, MBE 
HgCdTc 2048x2048x18.0 pm pixel arrays for the NGST technology 
demonstration. As of the end of August 2002 we have hybridized 4 full-up 
SCAs. Initial tests have begun and results should be available in the early 
Fall of 2002. 
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COSMIC RAYS AND OTHER NONSENSE IN 
ASTRONOMICAL CCD IMAGERS 



Don Groom 

Lawrence Berkeley National Laboratory 



Abstract: Cosmic-ray muons make recognizable straight tracks in the neu -generation 

CCD's with thick sensitive regions. Wandering tracks ("worms"), which ivi- 
identify with multiply-scattered low-energy electrons, are readily recognized as 
different from the muon tracks. These appear to he mostly recoils from 
Compton-scattered gantma rays, although worms are also produced directly by 
beta emitters in dewar windows and field lenses. The gamma rays are mostly 
byproducts of ' K decay and the U and Th decay chains. Trace amounts of 
these elements are nearly always present in concrete and other materials. The 
direct betas can be eliminated and the Compton recoils can be reduced 
significantly by the judicious choice of materials and shielding. The cosmic-ray 
muon rate is irreducible. Our conclusions are supported by tests at the 
Law-rence Berkeley National Laboratory low-level counting facilities in 
Berkeley and ISO m underground at Oroville. California. 



Key words: 



Charge-Coupled Device (CCD), cosmic rays, high resistivity, fully depleted, 
back illuminated. Compton scattering, gamma ray 



1. Introduction 

The ability of ionizing radiation to generate electron-hole pairs in silicon 
is the bane of optical astronomy, where "cosmic rays” contribute confusion 
and loss of imaging pixels in CCD’s. Multiple exposures and elaborate 
software are used to eliminate these artifacts. 

Genuine cosmic rays near the bottom of the atmosphere consist almost 
exclusively of relativistic muons produced by secondary meson decay. These 
muons even penetrate meters of material without interaction or deflection. 
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But other radiation artifacts usually dominate, and these are not irreducible. 
Most seem to be Compton recoil electrons from scattered ambient gamma 
rays, but in some situations, such as when a high-potassium glass like BK7 is 
present in the dewar, direct P rays produced near the surface of the glass can 
strike the CCD. 

In thin CCD's a radiation event usually occupies 3 or so pixels, and in 
most cases it is distinctively sharp compared to a star. With the advent of 
thicker high-resistivity CCD's [1-6], the story is somewhat different. The 
straight cosmic-ray muon tracks arc often quite long, and there are abundant 
wandering traeks which we call “worms.” There are also localized events, 
usually with fewer counts than would be expected from cosmic-ray muons, 
which we call "spots." Muon tracks and worms are shown in Fig. 1. Those 
familiar with nuclear emulsion experiments readily recognize the worms as 
multiply-scattered low-energy electrons. 




Figure i. Examples of cosmic-ray muons (a-c) and worms (d-f) in a totally depleted 200 pm 
thick LBNL CCD. (c) shows one of the longest tracks found, and two 5 rays 
(knock-on electrons) can be seen, (f also indicates the definition of X| and Xj. the 
principal moments of the distribution. 

We have made a study of these events, in most (but not all) cases in 
totally depleted LBNL CCD’s [1-4] 200-300 pm thick. Long dark images 
were obtained under different conditions at a variety of places: the 
UCO/Lick and NO.AO CCD laboratories, in a low-background room at 
LBNL, deep underground at Oroville, C'A, at Kitt Peak, C'erro Tololo, the 
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Keck Observatory, and Lick Observatory. Here we explore the nature of the 
events and the use of lead shielding to reduce the number of spots and 
worms. 



2. Cosmic rays 

The vertical flux of cosmic rays in the atmosphere as a function of 
composition and height is shown in Fig.23.3 of [7], At sea level, 98% of 
cosmic rays are muons (mean energy =4 GcV); most of the remainder is 
protons and neutrons. The muons are decay products of mesons produced in 
hadronic cascades initiated by primary cosmic rays, which are mostly 
protons. Maximum intensity occurs at an altitude of about 10 km, and for 
E> 1 GeV there is an approximately exponential decrease in intensity below 
500 g'cnr (=6 km). At low energies the angular distribution is usually 
approximated as cos“0. where 0 is the zenith angle, and a *= 2 for E - 3 GeV. 
For a = 2 the flux in a horizontal detector is n/2 times the vertical intensity. 
For a vertical detector the flux is half this, but the tracks are longer. The 
vertical intensity is uncertain because of the low energy threshold and low- 
energy flux uncertainties, but the flux in a horizontal detector is expected to 
be 0.84-0.94 cm : min 1 at sea level. At an altitude of 2500 m (typical of 
many large observatories) it is 1.6 times greater, and on Mauna Kea it is 2.1 
times greater. The proton/neutron flux is -2% at sea level, but on Mauna 
Kea it adds another -30% to the total flux. 

Energy deposit by a muon is a highly stochastic process, and because 
large energy deposits are rare the most probable deposit depends strongly on 
thickness [8]. At -100 °C it is about 75 electron-hole (e'-h) pairs/pm for a 
300 pm active region, 56 e -h pairs/pm for a 20 pm thickness, and only 27 e - 
h pairs/pm for the 13 pm thick SITe CCD’s used in CTIO’s MOSAIC. 



3. Event characterization 

A long dark exposure shows a zoo of muons (straight lines), worms, and 
spots. Software has been developed which is at least partly successful in 
distinguishing between them. The events are isolated using standard 
astronomical software. An event is defined as a group of connected pixels 
with counts above background, with at least one pixel having a significantly 
higher number of counts. The code generates a number of parameters for 
each object, including the second moments of the distribution about the 
centroid. 

The number of counts (or e-h pairs) produced by a normally incident 
muon is expected to distribute about some most probable value, tailing on 
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the high side. It is thus convenient to scale the number of counts by the 
active region thickness divided by the track length as calculated from the 
projected length and the thickness. This number is almost proportional to 
the number of e-h pairs produced by a normally incident muon. For lack of 
a good name, we call it "perpendicular counts" or “perp counts." This 
reduction distorts the energy deposit information for other kinds of events, 
but we are mainly using it to help separate muons from the rest. 

The distribution of this quantity for a series of long dark exposures under 
extremely clean conditions at the LBNL Low-level Background Facility 
(LBF) [9] is shown in Fig. 2. The vertical dashed line indicates the most 
probable number of counts. The vertical cuts above and below the peak are 
chosen conservatively to include essentially all of the muons. 




perp counts x 10 -4 



Figure 2. Tolal exposure of 4X00 s al the LBNL Low Background Facility (LBNL LBF): 
distribution of the normal projection of the number of counts (“perp counts”). The 
cuts chosen for the "muon region” are shown by the dash-dotted lines 

A muon track should be a straight line. A measure of "straightness” can 
be obtained from the second moments matrix. One can imagine rotating the 
coordinate system, as shown in Fig. 1(0- so that the matrix is diagonal. With 
the labels as shown, the .v'.v' moment is minimal for a straight line (muon). 
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while the // moment can have any value. The x'y' momenl is zero, by the 
definition of the transformation. These moments are simply the eigenvalues 
of the original matrix, so the transformation does not need to be made 
explicitly. We define X|(X, ; ) as the maximum (minimum) eigenvalue of the 
second moments matrix, normalized by dividing by total number of counts 
in the event so that the result is independent of amplifier gain. 

A plot of "perp counts” as a function of X 2 for the muon-rich exposures at 
the LBF is shown in Fig. 3. 




0.0 0,5 1.0 1.5 2.0 



Figure 3. Total exposure of 4S00 s al ihe LBNL Low Background Facility (LBNL LBF): 
distribution "perp counts" as a function of ihe smallest eigenvalue X ; The "perp 
counts" cut and the additional cut 0.25 < X : < 0.55 define the "muon box". 

In this case most cosmic-ray muons arc in the interval 0.25<^,<0.55; in other 
situations limits are chosen differently because of different CCD bias, 
thickness, and other factors. Our "muon box” is defined by the cuts on "perp 
counts" and \ 2 - Non-muon events similar to those outside the box also occur 
inside, although in this example the estimated contamination is less than 
10%. Hand-scans of a muon-free run (discussed below) verify that non- 
muon events in this box are genuinely indistinguishable from muons. On the 
other hand, some muons escape from the box. Scanning shows these to be 
mostly unusual muon events with a small 8-ray track or other artifact 
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superimposed on an obvious muon track. In even dirty situations, we 
usually observe "muon box" rates of 0. 7-1.0 cm : min 1 in horizontal CCDs, 
consistent with the cosmic ray rates discussed in the last section. We 
observe roughly half this rate when the CCD is vertical. 



4. The nature of cosmic rays, worms, and spots 

Four sets of long dark exposures were obtained, using the same CCD, 
dewar, and controller configuration: 

(a) In the basement UCO/Lick CCD laboratory in Santa Cruz. About a 
third of the events were muons (at the expected rate); the remainders 
were worms and spots. 

(b) In the LBNL Low Background Facility [9], a room with 1.5 m thick 
concrete walls; the special concrete has very low radioisotope content. 
Most events were muons. 

(c) Near the power plant of the Oroville (California) dam, 480 meters- 
water-equivalent underground, where cosmic rays are attenuated by 
1 O'. Worms and spots were observed, but no muons. 

(d) Again at Oroville, this time in an ultra-clean lead vault built for 
demanding low-level counting experiments. Almost nothing was 
observed — 120 events in 7400 s. Surprisingly, 1 13 of the 1 19 events 
outside the muon box fell above the upper cut on muon energy 
deposit. This is also reflected in the high worm/spot ratio (~3) as 
compared with the ratio outside the vault (=1). Given other experience 
with the vault, these events are thought to originate in the dewar 
assembly itself. 

These results are summarized in Table 1. The conclusions are simple: 
Events identified with cosmic ray muons are observed inside or outside a 
well-shielded room, but are not seen underground. Worm and spot rates are 
much reduced in an environment without the normal traces of U, Th, and K 
in the w'alls, and are essentially zero in an ultra-clean environment. 

Further evidence for the Compton electron nature of the worms and spots 
was provided by a series of measurements at the Lick Observatory 3-m 
Coudc spectrometer room. Figure 4 shows the "perp counts" spectrum 
obtained with a CCD without (much) shielding. The muon rate w'as about as 
expected, but the rate outside the muon box was 1.6 cnCmin 1 . As layers of 
0.16 mm Pb w'ere wrapped around the dew'ar, the "outside the box" rate fell 
below' the muon rate. (We consider this a reasonable goal for all 
instruments). 
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Table I. Evidence for Compton nature of worms and spots. There is usually contamination in 
the muon box. hence the apparently greater muon rate at UCO.'Lick than at LBNL. Since 
some events could not be classified, the spot + worm rate is in general less than the "outside 
muon box” rate. 



Experiment 


Integration 
time (s) 


Spots 


Worms 

[cm" 


Muon box 
min 1 ] 


Outside box 


UCO.'Lick 
(Santa Cruz) 


1000 


0.87*0.08 


0.97*0.08 


0.93*0.08 


2.16*0.12 


LBNL. 

shielded room 


4800 


0.10*0.01 


0.22*0.02 


0.71*0.03 


0.37*0.02 


Oroville, 1 SO 
m underground 


7843 


0.21*0.01 


0.20t0.02 


0.06*0.01 


0.47+0.02 


Same, inside 
lead vault 


7400 






0.00*0.00 


0.10*0.01 



"_'j All events 
| Intmionbox 
] Worms 

| Spots 




0 2 4 6 8 10 12 

perp counts x 10 -4 

Figure 4. Lick 3-m Coude spectrograph room: distribution of the normal projection of the 
number of counts ("perp counts") in two long darks with nearly no shielding 
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We also obtained spectra with a cryogenic Ge gamma spectrometer, 
shown in Fig. 5.’ Results are consistent with the typical potassium, uranium, 
and thorium abundances found in ordinary concrete and rock. There is no 
evidence for '"Co, an occasional contaminant of steel. The addition of I cm 
lead around the detector reduced the rate by 80%, mostly at low energies 
(500 KeV) where the Compton scattering probability in the CCD is highest. 
We view this reduction as a function of energy consistent with the reduction 
in the rate outside the muon box when I cm of Fb shielding is used. There is 
an important corollary: Since most of the problem is with low-energy 
gamma rays with short interaction lengths, there is little point to using 
massive shielding. One centimeter of shielding seems to be sufficient. 




1 cm Pb shielding 
(20% of no-shielding 
rate) 



1000 2000 
Energy' CkeV) 



3000 



No shielding 

208n<Th) 1 



1.000 

Pb K 
xray ^ 

f 0.100 
% 

w 

a 0.010 

03 



Figure 5. Lick 3-m Coude Spectrograph room: Gamma spectra in the spectrometer room. 

without and with a 1 cm lead shield. Characteristic lines correspond to gamma 
rays produced in “K decay and in the U and Th decay chains. 



’ If the spectrometer were exposed to a monochromatic gamma source, one would see a very 
sharp line representing complete containment of the event, a valley on ihe low-energy side, 
and a plateau at smaller energies due to partially contained events, mostly recoils from 
Compton scattering. The spectrum shown can be understood as a superposition of many 
such monochromatic gamma spectra plus low-energy events due to a sea of low-energy 
gammas already degraded by Compton scattering. 
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Most of our observations are consistent with the worms and spots being 
the tracks of low-energy electrons, the recoils from elastic-scattering 
(Compton scattering) gamma and x rays in the few hundred KeV range. 
There is an important exception: Our NOAO collaborators observed an 
increase of 2.8 cm ; min 1 over the normal background in the room when a 
BK7 field lens was inside the dcwar, and no increase if it were immediately 
outside the dewar. This observation is consistent with beta rays from ‘"K 
decay close enough to the surface of the glass that the particles can escape. 
Other groups have encountered the same problem with BK7 [10,1 1], which 
has a high potassium content.' (Except under bizarre circumstances, alpha 
particles are never a problem because of their very short range.) 



5. Other Observations 

Long dark exposures were made at UCO/Liek with an MIT/LL CC1D20, 
a deep-depletion device intended for the DLIMOS spectrometer at the Keck 
Observatory [5-6]. The sensitive thickness is estimated to be 40 pm. The 
distributions show the familiar peak in "perp counts” and a populated muon 
box with about the expected rate. The distributions were much broader than 
in our thick devices, and a clean muon/Compton separation was not possible. 
Rates outside the box were very much reduced by shielding with 5 cm of Pb. 
We estimate that the ratio of Compton rates for an unshielded MIT/LL thick 
CCD to that in the LBNL CCD is 0.65, with — I0%-I5% uncertainty. The 
thickness ratio is 0.15. The difference provides evidence that many of the 
Compton recoil electrons do not originate in the sensitive volume of the 
CCD. Sensitivity to Compton recoil electrons (and, obviously, direct P rays 
if potassium is present in the dewar) is not limited to thick CCD's. 

Dark exposures were obtained at C’TIO with MOSAIC (horizontal 
orientation), which consists of 8 SITe CCD’s with =13 pm sensitive regions. 
In spite of the lack of useful pattern recognition, the distributions show peaks 
at the expected most probable number of e-h pairs. The rate was 4.3 cm 2 
min' 1 , as compared w ith an expected cosmic ray rate at that altitude of about 
1.4 cm : min '. 

An 800x1980 pixel (15 pm)" LBNL fully-depleted CCD on the RC 
spectrograph at the KPNO 4-m telescope (60 deg. angle from vertical) 
obtained a muon box rate of 0.66 cm : min ', and the rate outside the muon 
box was 0.51 cm 2 min '. The muon rate is consistent with the expected rate 
for this altitude and CCD orientation. The Compton rate is the lowest 
recorded in any of the observations without shielding. Perhaps the 
mechanical housing provides shielding. The same CCD in a vertical 
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orientation at the NOAO laboratory in Tucson measured 0.60 cm 'min' in 
the muon box (OK) and 2.00cm : min ' outside it (among the highest 
Compton rates we have ever observed in the absence of BK7 glass). 

After the tests showing that 1 cm of lead reduced the Compton rate to an 
acceptable level in the Lick 3-m spectrometer room, a lead box was built to 
shield the dewar on the spectrometer. It seemed to have no effect. 
Measurements with the Ge gamma spectrometer are scheduled in an attempt 
to understand the situation. 

Tests with the “standard" CCD setup used for the Oroville and other 
measurements were also made at the Keck I telescope — horizontal and 
vertical, on the floor and on the Nasmyth deck, inside and outside of a lead 
box built for the purpose. Controller problems prevented characterization of 
the events, but total rates of about 5 em'min 1 were observed. The 
horizontal/vertical rate difference was consistent with expectation, but rates 
inside/outside the lead box were about the same. Long high-altitude 
exposure 1 of the stainless steel alloy used in the dewar ruled out cosmogenic 
activation of the dewar on the flight to Hawaii as the source of the problem. 
It is still not understood. 



6. Assay results 

We have characterized the U, Th, and K content of most materials in the 
dewar which might act as radiation sources. The results are given in the 
upper section of Table 2. The “black socket" for our test CCD was a 
radiation source, as seems to be expected for materials with black dye. 
Indium is naturally radioactive, but the thin (-500 A) In/Sn coating wc use 
as a rear window in our CCD’s makes a negligible contribution. 

We also characterized the concrete at the Lick 3-m telescope and the lava 
used as concrete aggregate at the Keck and other telescopes on Mauna Kea. 0 
These results are shown in Table 2. In both the Lick 3-m and UCO/Lick 
environments the Compton rate was 2.2 cm ‘min ', in contrast to 0. 8-0.9 
enrmin 1 for cosmic rays. In rooms or on dome floors made from such 
concrete, enough shielding to achieve gamma-ray attenuation by a factor of 
three or more would be desirable. 



; The stainless steel was characterized underground at Oroville, sent on four overnight Federal 
Express delivery trips from LBNL to Harvard and back, and again characterized. 
Cosmogenic activation was observed, but at a totally insignificant level. 

0 No lava was harmed in making these tests, and except for a few decayed atoms all of it has 
been returned to the Mauna Kea summit. 
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Characterization results from an NOAO sample of BK7 optical glass are 
given at the end of the table. The potassium content is tentative pending 
chemical analysis. 

Table 2. Radiological assay results for common materials found in CCD dewars and nearby 
concrete. Numbers in parentheses indicate the error in the last place, and "ND" 
indicates "none detected." The approximate conversion factors to decay rate are 0.66 
(pCi/gVppm for chemically pure uranium. 0.11 (pCi/g)/ppm for thorium, and 8.5 
(pCi/gVpercent for potassium. 



Sample 


U (ppm) 


Th (ppm) 


K (%) 


CCD black socket 


0.64(4) 


1-38(6) 


0.011(1) 


Si wafers (3 in box) 


0.025(6) 


0.16(2) 


ND 


Aluminium nitride 


0.010(2) 


0.019(5) 


ND 


Aluminium sputter 


ND 


0.044(14) 


ND 


Circuit boards (Lick) 


0.064(4) 


2.07(8) 


0.016(2) 


Epoxy (Lick) 


0.012(3) 


0.010(3) 


ND 


INVAR, bar stock 


ND 


ND 


ND 


Molybdenum, bar stock 


0.020(3) 


0.020(3) 


ND 


Sn'ln alloy 


5.0(1) 


4.6(1) 


ND 


Lick 3-m core 


1.35 


4.0 


0.72 


UCO'Lick lab core 


1.2 


1.2 


1.23 


Mauna Kea Lava 5 


1.5 


4.7 


1.52 


BK7 glass (NOAO) 


0.10(5) 


0.7(2) 


3.5(1) 


7. Observations and Conclusions 




We are not the first to find non-cosmic-ray events in CCD’s, nor the first 
to recognize the distinctive energy deposit of a (normally incident) cosmic- 
ray muon. In his 1986 review [10]. Mackay discusses the rate excess over 
that expected from cosmic rays, and in one case diagnoses much of the 
problem as radiation from the glass dewar window. He reports rates of 10 
cm 'min '. more than 10 times the cosmic-ray rate. Florentin-Nielsen and 
Anderson [11] describe experiments in which the device was operated 37 m 
below ground level in a chalk mine, with a reduction to 33% of the surface 
rate, to 0.56 cm 'min 1 . In other experiments they identified a UBK-7 lens as 



No lava was harmed in making these tests, and except for a few decayed atoms all of it has 
been returned to the Mauna Kea summit. 
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producing very high rates because of its 4i, K content. An old ESC) report lists 
cosmic-ray rates in a dozen CCD’s ranging from 6 cm ‘min ‘in RCA SIC 
501 CCD’s to 1.4 cm : mm‘ in a GEC 8603 [12]. 

Decp-dcpletion CCDs have been used in x-ray astronomy for a long time. 
Walton et al. [13] describe a study in which signal size is used to 
discriminate against cosmic rays — the x-ray mirror response cutoff was at 10 
keV, and only 10% of the cosmic-ray signals were this small. 

There is anecdotal evidence of hotspots in a concrete telescope pier 
(Hugo Schwarz, reported on CC’D-world), drywall (Roy Tucker, reported on 
CCD-world), radioactive dewar windows (BK7 seems notorious in this 
regard), and thorium-containing lenses. There is also continued worry about 
radioisotope tracers such as the M) Co used in steel process control. 

Our study is unique, however, in that the thicker CCD’s have made it 
possible to do a moderately good job in isolating the muon and non-muon 
components. It again emphasizes the need for care and careful 
characterization for every material used in the vicinity of the CCD, 
especially inside the dewar. The gamma ray background from ubiquitous 
potassium, uranium, and thorium decay can be reduced to an acceptable 
level by careful shielding. But we arc left with mysteries: Shielding usually 
worked as expected, but in some cases had no apparent effect. Work 
continues. 
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Nothing like a good conch blowing to digest.... 
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Abstract: Fully depleted, back-illuminated charge-coupled devices fabricated at 

Lawrence Berkeley National Laboratory on high-resistivity silicon are 
described. Device operation and technology are discussed, as well as the 
results on telescopes and future plans. 
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1. Introduction 

A new type of scientific charge-coupled device (CCD) has been 
developed at Lawrence Berkeley National Laboratory (LBNL) [1]. This 
development was motivated by the LBNL Supernova Cosmology Project 
(SCP), which studies cosmology via distant, red-shifted supemovae [2]. 
Conventionally thinned, back-illuminated CCDs typically have poor red 
response and fringing at the near-infrared wavelengths of interest to the SCP. 
The device described here has a much improved red response and negligible 
fringing by virtue of a thick depletion region. 

The CCDs described in this work have been fabricated at the LBNL 
Microsystems Laboratory, a Class 10 clean room facility that emphasizes 
fabrication of devices on high-resistivity silicon. Recent interest in volume 
production for the proposed Supernova/Acceleration Probe (SNAP) space- 
based imager has led us to begin a technology transfer effort with a 
commercial CCD manufacturer. Initial results of this effort are described as 
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well as some results from the use of this type of CCD at the National Optical 
Astronomy Observatory (NOAO) and Lick Observatory. 



1.1 Fully-depleted, back-illuminated CCD technology 

Figure 1(a) shows the cross-section of the CCD described in this work. A 
3-phase CCD is fabricated on n-typc high-resistivity silicon, typically 10-12 
kO-cm. A backside bias voltage in combination with the extremely low' 
substrate doping allows for full depletion of the substrate at reasonable 
operating voltages (see Fig. 1(b)). The substrate doping is typically about 4 
orders of magnitude lower than that in the channel. This results in low' 
sensitivity of the channel potential to the backside bias voltage since only a 
small fraction of the field lines in the channel terminate in the substrate. 
Hence, to the first order, the backside bias voltage used to fully deplete the 
substrate is independent of the bias voltages on the CCD gate electrodes as 
opposed to deep-depletion CCDs where the depletion depth in the substrate 
is determined by the voltages on the gate electrodes. 



(a) 



3-phase 
CCD structure 



Poly gate 
electrodes 




— Burled 
p channel 
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Transparent 
rear window 
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Figure I to) Crass section of a lully-depletcd. back-illuminated CCD fabricated on high 
resistivity silicon, (bf A two-dimensional simulation showing the potential in the 
fully-depleted substrate that directs the photo-generated holes to the conventional 
potential wells generated by the voltages on the CCD gate electrodes. 



As a practical matter it is not convenient to make a physical contact to the 
backside of the CCD as shown in Fig. 1. In the actual implementation the 
contact is made on the front side [3,4]. An n substrate contact surrounds a 
series of floating p guard rings that terminate on a grounded p guard ring. 
The function of the floating p guard rings is to gradually drop the substrate 
bias voltage between the n contact and the grounded p guard ring. T he n 
contact is located beyond the depletion edge in the quasi-neutral n-type 
substrate. For low-level light applications the photocurrent-generated voltage 





Aii Overview of CCD Development ... 



97 



drop across the high-resistivity substrate is negligible, hence the CCD can be 
fully depleted from the circuit side. 

Figure 2 shows a photograph of a 100 mm diameter CCD wafer 
fabricated at LBNL. The wafer contains 2Kx2K (15 pm) 2 CCDs as well as 
smaller format devices. The substrate resistivity is 10-12 kO-cm, which 
results in the full depletion of 300 pm thick substrates at bias voltages of 20- 
25 V. 




Figure 2. Photograph of a 100 mm diameter CCD wafer fabricated at LBNL. 

Lick Observatory has measured that these CCDs achieve quantum 
efficiency of 60% at 1 pm wavelength (Fig. 3), noise of 4-6 e' rms at 8 ps 
sample time each for reset and signal, and CTE exceeding 0.999995. Our 
most recent amplifier design has a noise level of approximately 2 c rms. 
Dark currents of less than 10 eVpix/hr at -120 °C' have been demonstrated 
[4], The latter is achieved by inverting the CCD channel surface with 
electrons between frames and taking advantage of the long time constant for 
electrons trapped at interface states at cryogenic temperatures [5,6]. 

CCDs from this processing run have been installed on telescopes. Figure 4 
shows a near-infrared spectrum of NGC 7662 taken at the NOAO 4-m 
telescope with a 1980x800, 15 pm 2 CCD on the RC spectrograph [7], The 
lack of fringing and high quantum efficiency at near-infrared wavelength is 
evident in the good resolution of spectral lines at wavelengths longer than 
8000 A. The image of NGC7662 shown in inset of Fig. 4 was taken at the 
Lick Observatory 1-m telescope on an early 200x200 prototype high- 
resistivity CCD. LBNL CCDs are also in use at the NOAO Multiple- 
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Aperture Red Spectrometer and the Lick Observatory Hamilton 
Spectrograph. 
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Figure 3. Measured quantum efficiencies comparing a 300 pm thick, fully depleted LBNL 
CCD versus CCDs in use at the Keck Telescope. The ESI and DEIMOS CCDs 
were fabricated at MIT Lincoln Laboratory [8|. and the HIRES/LRIS CCDs were 
fabricated at Scientific Imaging Technologies. 
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Figure 4. Near-infrared spectrum of NGC7662 taken with a 1980x800. 15 urn" LBNL 
CCD at the NOAO RC spectrograph. Courtesy of Arjun Dey of NOAO. 



1.2 Work in progress and future plans 

The LBNL SCP group and others have proposed a space-based project 
(SNAP) to study large numbers of supemovae. A gigapixel imager 
containing CCDs and infrared detectors is envisioned, requiring significant 
quantities of both types of detectors. As a result, we have begun a 
technology transfer effort with DALSA Semiconductor. Figure 5 shows a 
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1 50-mm-diamctcr, high-resistivity wafer processed at DALSA 
Semiconductor. CCDs on this wafer include 2Kx4K (15 pm) 2 devices for 
ground-based astronomy, prototype (12 pm) 2 and (10.5 pm) 2 pixel SNAP 
CCDs, as well as other experimental devices. High-quality front-illuminated 
CCDs have been produced and initial technology transfer efforts of the 
LBNL back-illumination technology have begun. Figure 6 shows results 
from a back-illuminated, 300 pm thick, fully-depleted CCD fabricated at 
DALSA Semiconductor. The only processing step performed at LBNL was 
the deposition of anti-reflection coatings on the backside of the wafer. 
Although substantial technology development remains, this is an 
encouraging and significant result. 




Figure 5. Photograph of a 150 mm diameter, high-resistivity CCD wafer fabricated at 
DALSA Semiconductor (Bromont, Quebec, Canada). 



In addition to the manufacturing challenges for SNAP, small pixels are 
desired for the wide-ftcld CCD imager. In order to take advantage of smaller 
pixel size the point spread function (PSF) of the CCD imager must be 
consistent with the smaller pixel size. In a fully-depleted CCD the PSF is 
determined by lateral diffusion of the photogenerated holes during their 
transit to the potential wells [9,10]. Conversely, in a conventionally thinned 
CCD the field-free region at the back surface of the CCD typically has the 
dominant effect on the PSF. 




100 



Sieve Holland 




Figure 6. Dark current (left) and 500 nm flat field (right) images taken on a 1024x512 (15 
jim) 2 pixel fully-depleted, back-illuminated CCD fabricated at DALSA 
Semiconductor. The dark current at -150 °C was 3e7pixel-hour. For this 
experiment, the substrate bias voltage was set very high (80 V), which 
overdepleted the CCD. This would be the worst case scenario for dark current. 
The bright spots and lines in (left) are trails left by particles such as cosmic rays 
(muons) and radioactive decay of materials at the observatory and in the dewar. 



For the overdepleted case the w idth, <7 , of the resulting Gaussian charge 
distribution at the CCD potential wells approaches the constant field limit 
given by 



< 7 = 2 



kT 



' sub 



<! (V~-Vj) 



( 1 ) 



where z fuh is the substrate thickness, is the substrate bias voltage, V, is 
an average potential near the CCD potential wells generated by the applied 
gate voltages, and kT i q is the thermal voltage. Hence, the PSF can be 
improved by decreasing the substrate thickness and/or increasing the 
substrate bias voltage. A target CCD thickness for SNAP is 200 pm. This 
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thickness is also advantageous in terms of reducing loss of pixels to cosmic 
ray hits, but with the disadvantage that the long wavelength quantum 
efficiency is degraded slightly. Reliable operation of CCDs at substrate bias 
voltages compatible with the desired SNAP PSF will be the subject of major 
study during the R&D phase of detector development for SNAP. 
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Moments before his turn at the Karaoke, the "Shoot the manufacturers " roundtable 
members are smiling. Left to right: ./. Garnett. B. Burke, P. Vu. L. Kozlowski, K. 
Ando and M. Blouke. Continues on /xige 298. 




SOW 2 00 2 reports on the war between CCDs and CMOS. From our special envoy 
Jim Janesiek. 
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Abstract: High performance CMOS pixels are introduced and their development is 

discussed. 3T ( 3 -transistor ) photoiliode. 5T pinned diode. 6T photogale and 6T 
photogate hack illuminated CMOS pixels are examined in detail, and the latter 
three are considered as scientific pixels. The admntages and disadvantages of 
these options for scientific CMOS pixels are examined. Pixel characterization, 
which is used to gain a better understanding of CMOS pixels themselves, is also 
discussed. 



Key words: Complementary Meta! Oxide Semiconductor (CMOS). Charge-Coupled Device 
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I. Introduction 

A decade has passed since complementary metal oxide semiconductor 
(CMOS) imaging detectors began to make their move into the charge-coupled 
device (CCD) arena. The imaging community is now well aware of CMOS 
imager advantages for commercial use. however, it is unclear if the technology 
can be applied scientifically. Imaging scientists have shown a reluctance to 
applying CMOS deteetors because they are content with the CCD and its near 
perfect output performance [I]. If CMOS is to compete with the CCD, its 
technology must demonstrate similar qualities. Low cost, low power, high on- 
chip system integration and high-speed operation are very attractive CMOS 
features. However, the laek of high performance is currently restraining CMOS 
from scientific use. This paper introduces high performance scientific CMOS 
pixels and presents plans to realize their development. 
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2. CMOS PIXELS 



2.1 3T Photodiode Pixel 

The majority of CMOS arrays are based on a 3-transistor (3T) photodiode 
pixel design because of its simplicity and conformity to conventional CMOS 
processes. The 3T will not be considered a scientific pixel because the pixel 
exhibits high dark current and high read noise performance. However, 
advanced CMOS pixels for potential scientific use are extensions of the 3T, and 
therefore, the pixel will be examined in detail here. 

The 3T is comprised of four components as shown in Fig. 1 . 



PHOTODIODE PIXEL PINNED DIODE TORI 
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Figure I. CMOS pixels discussed in text. 

The photodiode region is responsible for generating and collecting signal 
charge. Three metal oxide semiconductor field effect transistors (MOSFETs) 
are required to measure the charge on the diode. They include a: I ) source 
follower MOSFET that converts charge to an output voltage, 2) reset MOSFET 
that resets the photodiode before charge is integrated and 3) row select 
MOSFET that selects the row (or line) for readout. 
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The maximum voltage swing that takes place on the diode is limited by the 
pixel supply voltage (Vm,) minus the threshold and bulk effect voltages related 
to the reset MOSFET (V rim ), and the thermal voltage level where charge begins 
to thermally escape from the diode through the reset switch (V, h ). Charge 
capacity for the pixel is the voltage swing divided by the photodiode sensitivity 
(V/e). For example, assuming Vw, = 3.3 V, V rilR = 1 ,4V, V* =0.9 V (36 kT), 
and S v = 33 pV/e' a full well level of 30,000 e' is calculated. It should be noted 
that saturation could also take place if the source follower threshold voltage, 
V ms , is greater than V Ih . Figure 2 shows a photon transfer curve generated by a 
3T, 4 pm pixel DVGA CMOS detector that delivers a charge capacity in 
agreement with these assumptions [2], Driving the reset gate to a voltage greater 
than V r , D can increase charge capacity for the 3T. For example, driving the reset 
gate to V D d+ V IMR will result in a charge capacity of 115.000 c based on 
assumptions above. An external voltage or on-chip charge-pumping circuits are 
provided to generate the required drive [3]. An additional benefit to over driving 
the reset MOSFET is the elimination of floating diffusion image lag problems [2] 
The photodiode pixel exhibits a nonlinear output response because the 
depletion capacitance of the photodiode decreases as it charges. In turn, the 
node sensitivity (V/e ) decreases. The effect is seen in Fig. 2 where the chip 
gain constant (c'/digital number (DN» varies from 30 to 40 e /DN. 




Figure 2. Photon transfer generated by a 3T DVGA CMOS array. 

Nonlinearity increases with photodiode doping, however, charge capacity 
also increases. The nonlinearity effect works in the designer's favor because the 
sense node sensitivity (V/e) is highest, and reset noise lowest at low signal 
levels. Computer-processing algorithms can readily remove nonlinearity. 
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The 3T pixel uses rolling slimier readout. Charge integration time, or the 
time period where the photodiode is allowed to discharge to photon input, is 
governed by leaving the reset switch off a specified number of line periods 
before a row is selected for readout. For example, minimum integration time 
occurs when the reset switch is inhibited one line before a row is selected. 
Rolling shutter exhibits image smear and motion artifacts because charge 
integration takes place over the entire readout period (1/30 sec for standard 
video rates). Advanced pixel designs discussed below minimize the effect. The 
readout scheme also inherently exhibits high read noise because it is 
incompatible with CDS signal processing. Here we find that the reference and 
video levels are not referenced to the same reset pulse (i.e., a reset occurs 
between the two samples). The resultant noise is limited by kTC reset noise, 
which varies from 20 to 70 e depending on the diode capacitance. Nevertheless. 
CDS processing is almost always employed to minimize fixed pattern noise 
(FPN) generated from column to column gain and offset differences (a CDS 
circuit is usually employed in each column of the array). 

The 3T pixel exhibits relatively high thermal dark current (typically 0.3 to 1 
nA'cm' at 300 K) compared to CCD arrays. In addition, bright pixels (i.e.. dark 
spikes) usually accompany the dark floor. The spikes are often generated at the 
n+ sense node contact where process induced damage exists. Dark spikes and 
associated dark FPN can be eliminated by cooling the detector or by despiking 
the image via computer processing. Advanced pixel designs discussed below 
can eliminate the n+ contact dark current problem. 

To achieve good charge collection efficiency (CCE) and low pixel cross talk 
(i.e.. high MTF), the n-diode implant (typically phosphorus) is driven as far as 
possible. In doing so. an ohmic region and corresponding depiction region 
extends deep into the silicon to collect near-lR photoelectrons efficiently. 

2.2 5T Pinned Diode CMOS pixel 

The 5T pinned diode CMOS pixel corrects 3T photodiode performance 
deficiencies, and therefore, the pixel is considered for scientific use here. Signal 
charge is generated and collected in a pinned diode region that is at a fixed 
potential. Note from Fig. 1 that the pinned diode is isolated from the sense node 
and 3T readout MOSFETs by a transfer gate (4 lh T). The transfer gate, when 
activated high, transfers charge from the pinned region to a sense node. In that 
the pinned region is fully depleted, complete charge transfer takes place without 
image lag problems (similar to CCD operation). Also shown is a global reset 
gate (5 lh T), which serves several purposes (e.g., extended dynamic range [3]). 

It is important that the sense node sensitivity (V/e ) matches the diodes 
charge capacity. If, during charge transfer, the sense node potential swings to a 
potential equal to the diode potential (when empty) incomplete transfer will 
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lake place. Node sensitivity and associated swing are adjusted by the source 
follower gate capacitance. Therefore, source follower geometry typically scales 
with pixel size. Also note that nonlinearity is less for a 5T compared to a 3T 
because node capacitance is dominated by the source follower capacitance 
(diode capacitance dominates the 3T pixel resulting in more nonlinearity). 

Like the 3T pixel, a pinned diode exhibits high quantum efficiency (Ql£) 
depending on pixel fill factor. For example, a 5T pinned diode 9 pm pixel 
layout can exhibit approximately 80% fill factor using current CMOS design 
rules (i.e., 0.18 or 0.25 pm). For short UV wavelengths, reflection is the main 
QL loss. At 4000 A approximately 40 % QL is achieved for light collecting 
areas of the pixel. 

There are a few disadvantages with the 5T pinned pixel. Low' charge 
capacity usually limits the technology to large pixel applications. This 
limitation is because the pinned diode potential needs to be set approximately 
mid w'ay between the potential of the transfer gate when low' and the potential 
of the sense node after reset (refer to Fig. 3). Also, the pinned diode requires 
tw o custom implants similar to how pinned CCD pixels are processed [ I ]. The 
first implant (typically phosphorus) defines the potential of the diode region, 
w hereas the second implant (typically boron) is a very shallow but concentrated 
implant that pins the surface potential (and hence, diode potential) to ground 
potential. The implants employed must be very accurately aligned or charge 
transfer problems w'ill result. For example, a trap problem often develops w hen 
the p* pinning implant encroaches under the transfer gate during high 
temperature processing. This decreases the potential at the leading edge of the 
gate resulting in a barrier for electron transfer as demonstrated in Fig. 3. The 
fringing fields between the transfer gate and sense node region do not overcome 
the barrier because the potential difference between regions is very small. 
Although CCDs exhibit similar trap problems they are not as vulnerable as 
CMOS because clock and bias voltages and corresponding fringing fields are 
much greater and normally prevail over the traps. The CMOS trap problem 
described here can be corrected by offsetting (or angling) the pinning implant 
from the transfer gate slightly (less than 0.4 pm). 

Several readout modes are possible for the 5T pinned pixel. Two popular 
modes are referred to as snap and progressive scan readout. Rolling shutter with 
true CDS is another readout scheme. Readout is initiated by resetting all pixels 
using the global reset gate. Next, charge is integrated on the diode for a given 
exposure period. During this time the sense node is reset to eliminate any dark 
current or signal charge build up there. Then signal charge is transferred to the 
sense node for all pixels at one time. After transfer, readout commences line-by- 
line using CDS-like processing (i.e., sample 1 , reset, sample 2). The readout 
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Figure 3. Potential diagrams for a pinned diode CMOS pixel. 



scheme is referred to as snap because very short exposures can be taken 
compared to the readout time. This allows freeze-action photography not 
allowed by rolling shutter readout. As with 3T operation, true CDS is not 
possible for snap readout, limiting noise performance to kTC noise. However, 
reset noise is lower than 3T because only the sense node capacitance is 
involved (the diode capacitance is absent). The pixel will also exhibit high dark 
current like the 3T because the n+ sense node stores charge during readout. 

It should be noted that the sense node must be protected from charge that 
blooms over the transfer gate during readout. Sense node blooming can occur 
when the integration time is less than the readout time. The problem can be 
circumvented by setting the global reset gate to a potential lower than the 
transfer gate allowing charge to escape through the global reset gate drain 
instead of to the sense node. 

Snap readout can also take place as the next frame is integrated (similar to 
frame and interline transfer CCDs). Here the exposure and readout periods are 
equivalent. Signal charge eollected on the diode can be controlled by activating 
the global reset switch for a specified time during integration (a form of 
electronic exposure). 

Image cross talk is an important issue for snap readout. Light shields above 
the pixel prevent photons from interaeting directly with the transfer gate and 
sense node regions (the light shield typically defines the fill factor for the pixel). 
But, signal charge generated in deep regions of the silicon can diffuse to the 
sense node during readout resulting in image cross talk. The isolation problem is 
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most conspicuous for very short near-IR exposures. Providing a shielding 
implant beneath the sense node and transfer gate as shown in Fig. 1 can 
minimize the effect. The implant gradient produces a self-induced electric field 
that forces signal charge from the region into the diode region. Normally the 
sense node and read MOSFETs are placed in a highly doped p-well that 
naturally reflects signal carriers from the regions. 

The second readout scheme, progressive scan, allows for true CDS readout 
and low dark current generation. For this mode of operation, a mechanical 
shutter (or pulsed light source) is normally used for long exposure periods (e.g., 
astronomical applications). After exposure, charge is read line-by-line using 
true CDS readout (i.e., reset, sample- 1 , charge transfer, sample-2). Progressive 
scan offers low dark current because the sense node can be continuously reset 
until a line of pixels is read. In addition, the diode region exhibits low dark 
current because of the pinning action at the Si-Si0 2 interface similar to MPP 
operation for CCDs [ 1 ]. The problem of image cross talk is also less concerning 
because charge that diffuses to the sense node during readout is eliminated 
through the reset switch. In this case, the charge diffusion problem translates to 
a QE loss, which as mentioned above, can be minimized through a sense node 
shielding implant. 

2.3 6T Photogate CMOS pixel 

A 6T photogate pixel is similar to the 5T pinned diode pixel except that a 
photogate replaces the pinned diode. The pixel is based on conventional CMOS 
processes making the pixel much easier to fabricate. Charge transfer to the 
sense node takes place by clocking the photo and transfer gates similar to CCD 
operation. The readout modes discussed above (e.g., snap, progressive scan, 
rolling shutter) are also applicable to photogate array. Charge capacity for the 
photogate is greater than the pinned diode because the gate can be clocked to 
V DD volts or more. 

The main disadvantages for the conventional photogate pixel are low QE 
performance and image lag. The QE problem is particularly critical for bluc/U V 
incoming wavelengths where the poly silicon gate is absorbing. QE 
performance can be enhanced by employing phototgates that partially cover the 
active region (similar to poly hole CCDs [1 ]). Image lag is inherent to the pixel 
because of n+ material typically located between gates. Because these regions 
cannot be fully depleted, charge transfer will be incomplete resulting in image 
lag. Custom photogate designs exist that can provide full depletion and 
complete charge transfer (e.g.. overlapping poly gates as employed by CCDs). 

In general. CMOS pixels suffer from charge diffusion problems [2]. CCD 
manufacturers have reduced charge diffusion effects by using high resistivity 
silicon wafers and high voltage clocking to take advantage of the fact that the 
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electric field depth varies as a function of the square-root of resistivity and 
applied voltage. CCD electric fields typically extend 7 to 10 pm. allowing full 
spectral coverage into the near-IR spectral region (7000 to 1 1000 A). In contrast, 
charge collection efficiency for CMOS arrays has been relatively poor because 
standard foundry processes use low resistivity silicon and require low voltage 
drive. Typical electric field depths for CMOS processes extend only 1 to 2 //m. 
limiting low cross talk spectral coverage to less than 6500 A. Also, collection 
efficiency degrades as the pinned diode and photogate potential wells collapse as 
signal charge collects. For example, at full well, the depletion depth under the 
photogate becomes nearly non-existent. The 3T pixel is less sensitive to the 
problem for reasons given above (i.e., n-region can be implanted deep). Buried 
channel CCDs will maintain some depletion depth under the barrier phases under 
full well conditions, and therefore, show relatively constant MTF over the 
sensors dynamic range. Trading charge capacity for charge collection efficiency 
and use of high resistivity silicon can minimize charge diffusion effects. Also, 
the photogate can be driven with a high clock voltage for increased depletion. 
Lastly, the substrate can be driven negatively for more depletion. 

2.4 Photogate 6T Backside Illuminated CMOS Pixel 

Ultimate QL sensitivity is achieved by removing the substrate layer and 
allowing direct illumination of the epitaxial silicon layer from the rear of the 
device. Thinning CMOS arrays is in its infancy and many problems will need to 
be resolved. For example, near-IR photons can interact directly with the sense 
node and MOSFETs resulting in QL loss. Maintaining a large fill factor 
through state-of-the-art design rules will minimize this loss. Also, charge 
diffusion to the same structures is important at all w avelengths. As explained 
above, deep shielding implants will help direct signal charge into the photo 
region. How effective these shielding implants will be remains to be seen. 

Sometimes poor yield has been experienced w hen CMOS arrays are thinned. 
Membrane stress during thinning is probably one culprit behind the shorts seen. 
Compared to CMOS, the CCD is a more robust technology to apply thinning. 
For example, CMOS arrays employ very thin gate oxides (about 50 A thick) 
w here CCD gate insulators are approximately ten times thicker, and therefore, 
are less vulnerable to stress induced shorts. Also, inter-level metal shorts present 
a potential problem to CMOS arrays. In contrast, scientific CCDs usually 
employ a single metal layer circumventing the problem completely. Also, 
accumulating the backside after thinning can be stressful if high temperature 
processing is involved (e.g., ion implantation followed by a high temperature 
activation process). Low' temperature accumulation techniques employed on 
CCD arrays are attractive for this reason (e.g., flash gate technology) [1]. 
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3. CMOS Pixel Characterization 

Unlike CCD characterization, the CMOS test engineer docs not have direct 
access to the pixel output signal. Instead, raw pixel video is processed by on- 
chip analog circuitry making it impossible to evaluate fundamental pixel 
performance. To gain understanding about CMOS pixels, stand-alone discrete 
test pixels are characterized. Such test devices are clocked and readout using 
the same electronics in testing CCDs. Full well, dark current, linearity, cross 
talk, read noise, QE, image-lag, etc., are typical data products collected for each 
test pixel type. The same characterization process is used to find optimal clock 
and bias conditions. Discrete CMOS analog circuits (c.g., CDS, amplifier, 
ADC) are also designed and tested to evaluate their impact on pixel 
performance . 

Figure 4(left) shows a test pixel array with nine different 32x32 sub arrays 
that contain diverse pixel designs. Figure 4(right) shows nine eenter pixels 
within a sub array that can be independently clocked and read out. The pixels 
are designed differently and evaluated to determine optimal design features. As 
shown, the center pixel is usually completely shielded from light in order to 
perform cross-talk measurements. 

Figure 5 show's a low-light level photon transfer curve generated by a 6T 
photogate test pixel with the photogate non activated (i.e., no charge transfer 
takes place). The 2.8 e noise floor measured is limited by random telegraph 
signals (RTS) 1/f noise generated by the source follower MOSFET. This is a 
typical response for small MOSFETs using the CDS signal processing 
parameters indicated [2]. 




Figure 4. Test pixel array (left) and sub-pixel array showing center nine test pixels (right). 
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Figure 6 presents a photon transfer curve with the photogate gate activated. 




Figure 6 . Photon transfer showing 6T image lag and nonlinearity characteristics. 

The response shows image lag characteristics at low light levels. The inset 
graph plots chip gain, e'/DN, as a function of signal. The gain increase seen for 
low signals is caused by image lag which reduces signal modulation and the 
shotnoise measured (recall e'/DN = signal /(shot noise)') [I ]. The nonlinearity 
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observed for high signals is associated with the source follower MOSFET. Also 
shown is a video response taken directly from the pixel. Figure 7 shows a line 
trace of pixels exercised by a LED light source that is cycled on and off to show 
image lag behavior. Approximately 140 e peak-to-peak signal is displayed in 
conjunction with a 3 c noise floor. 




Figure 7. Line trace of pixel responses showing image lag behavior. 



4. SUMMARY 

The 3T pixel offers several high-quality attributes for scientific imaging 
applications. Design and process simplicity, high UV Qb, high fill factor, high 
charge collection efficiency with deep ohmic diode contact, high full well and 
absence of image lag are well established claims for the pixel. Unfortunately, 
high reset noise and high dark current have kept the pixel from scientific use. 
CMOS groups are actively trying to reduce kTC noise by a variety of ingenious 
techniques [2], However, the methods usually fall short of what true CDS can 
achieve and are often plagued with image lag problems. Efforts to reduce 3T 
read noise (without image lag!) to the noise level of the CCD remains to be seen. 
The pinned diode pixel can offer low' read noise and dark current comparable to 
the CCD. However, low' full w'ell and very custom (and delicate) fabrication 
requirements are disadvantages for the pixel. Although developmental cost 
would be high, the pinned CMOS pixel is a good candidate for future scientific 
use. The primary drawbacks to the photogate pixel are image lag and low QE 
performance. The QE difficulty can be circumvented by backside illumination, 
however, significant development w'ill be required to bring this technology to 
light. Image lag will need to be completely eliminated for scientific use. This 
requirement may be satisfied by custom photogate designs that can achieve 
complete charge transfer like the CCD (c.g., double poly process). 

In-depth fundamental pixel and on-chip support circuitry characterization 
will continue at Samoff. Work is under w'ay to fabricate photogate pixels 
without image lag. Efforts include developing a high yield thinning process. 
CMOS development work will pay close attention to the charge diffusion 
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problem through use of high resistivity silicon, high voltage drive and thinning 
to minimize field free material. Timing and logic control for progressive slow- 
scan readout and true CDS signal processing will be emphasized. For example, 
CDS quiet limes will be enforced to avoid on-chip ground bounce problems as 
employed in low noise CCD camera systems [I]. Lastly, hybrid CMOS/CCD 
arrays will be pursued. Here, the best performance attributes from CMOS and 
CCD technology will be combined. 
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The European "Dark Spikes " team (right) heat the American "Gamma Rays ” team during the 
volleyball finals at the Keauhou Beach party (no wonder, look at the lazy player with the hands 
in his pockets...). 





SECRETS OF E2V TECHNOLOGIES CCDS 

(ex Marconi CCDs) 



Paul R. Jorden 1 , Peter Pool 1 , Simon M. Tulloch 2 

' E2 V Technologies. * Isaac Newton Group 



Abstract: To complement previously published information on E2 V CCDs, we present 

here some less well-known information about Marconi CCDs. H e show details 
of the performance of deep depletion silicon variants, and discuss other 
subtleties of performance. We also present an update on LSvision (sub- 
electron noise) devices, indicating current availability, options, and ongoing 
development work. Finally, we will give a flavour of the range of custom 
designs that have been made. Many of these are not commercially available, 
and may not be familiar to all astronomers or CCD technologists. 



Keywords: 



Charge-Coupled Device (CCD), optical sensor, astronomy instrumentation. 
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1. Introduction 

Firstly, to avoid confusion, please note that the company has changed its 
name to E2V Technologies, from Marconi Applied Technologies (and was 
previously known as the English Electric Valve Company or EEV), since the 
date of this workshop presentation. Hereafter, for brevity, we will use the 
reference E2V for the company name. 

E2V CCDs are widely used for astronomical imaging in astronomy, and 
performance levels (e.g., quantum efficiency and readout noise) of standard 
scientific sensors as were described at the previous (ESO 1999) workshop 
[!]• 

Here we shall discuss some of the less well-known specific features of 
E2V sensors, although we apologize if the ‘‘secrets" of the title are not all 
revealed! We shall also provide an update on the development status of the 
new L3Vision ultra low-noise sensors, as well as a flavour of the range of 
custom sensors, that have been developed specifically for space applications. 
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2. Specific performance features 

2.1 “Dither clocking'’ and dark current 

For non-invcrted (non-MPP) CCD operation the surface dark current is 
dominant, and is usually undesirable. However, it is known that when clock 
phases are switched out of inversion the surface dark current only recovers 
after a characteristic time (t). See [2] for more details. 

This means that surface dark current can be dynamically suppressed by 
clock modulation (or "dither" clocking) provided that the phases arc 
occasionally inverted (the clock low level should be sufficiently below the 
substrate potential). This clock modulation can occur as a deliberate activity 
during an integration time and also happens by default during a complete 
CCD clear (or flush) cycle prior to exposure. 

We have measured dark current over a range of temperatures from -40 °C 
to -90 °C, and over a range of integration times (in darkness) from 1 to 3000 
seconds. Not all data can be presented here. As an example. Fig. 1 shows 
measured dark current rate, and modelled dark current rate at -70 °C. [Rate= 
total measured dark current/ integration time.] 
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Figure I. Dark current versus exposure time at -70 °C 



At short exposure times (t < t) the dark current is suppressed (potentially 
to the bulk dark current rate), whereas for long times (t > t) the full surface 
dark current rate is observed. The recovery time constant is a strong function 
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of temperature, and so the time required to change from suppressed dark 
current to full dark current varies with temperature. Figure 2 shows derived 
time constants over a range of temperatures. Below -80 °C the time constant 
is -3000 s and at -40 °C it is -10 s. 




Figure 2. "Dither" time constant at various temperatures. 



In summary, surface dark current may be suppressed if exposure times 
are short compared to the time constant, or if active "dither" clocking is used 
during the integration. The effect broadly follows the expected behaviour. 

2.2 High resistivity silicon CCD performance 

Many E2V CCDs are manufactured from “normal” resistivity silicon 
(100 fl-cm nominal), which is used for devices that are backthinned to a 
thickness of - 16 pm. However, for maximum red response improvements 
are possible from the use of a thicker device (-40 pm) made of higher 
resistivity silicon. Furthermore, since long wavelengths can penetrate to the 
front side one can enhance these wavelengths a little further by adding a 
reflective coating to increase internal absorption. 

We manufactured a trial deep depletion (high resistivity) device (CCD42- 
90) having regions with and without this added frontside reflector. Figure 3 
shows measured (at the Issac New'ton Group (ING) Telescopes) cryogenic 
quantum efficiency of this device, which had a red (-750 nm peak) AR 
coating. The measurements are seen to agree very well with modelled 
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values. For comparison, the expected Ql£ of such a chip (with reflector) is 
shown at +20 °C. 
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Figure 3. Cryogenic Quantum efficiency of deep depletion CCD. 



Backthinncd CCDs are known to produce undesirable multi-pass fringes 
at red wavelengths. The fringing amplitudes (measured on the !NG ISIS 
spectrograph) are shown in fable 1, for a standard silicon E2V sensor, and 
for the deep depletion variant. As expected for the thicker silicon, fringe 
amplitude is much reduced for the latter chip. It should be noted that fringe 
amplitude varies considerably depending on illumination conditions and 
wavelength dispersion, so these values are indicative only. 



Table I. Measured % fringe amplitudes, for standard and deep depletion CCDs. 



Wavelength 

(nm) 


“EEV12” standard CCD 
(%) 


Deep depletion CCD 
<%) 


750 


20 


4 


800 


35 


6 


850 


44 


9 


900 


53 


14 


950 


59 


20 


1000 


59 


25 




Finally, we measured the width of narrow spectral lines (over the red 
wavelength range of 650-1000 nm), to confirm that spatial resolution was 
not degraded significantly by the use of thicker silicon (thickness > pixel 
pitch of 13.5 pm). Measured FWHM (Full-Width Half-Maximum) was 
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found to be -1.5 pixels (= 20 pm). This is similar to values found with 
standard silicon E2V sensors. 



3. L3VISION UPDATE 

The novel L3 Vision sensors offer sub-electron readout noise through the 
use of on-chip avalanche gain technology ([3], [4], etc.). Low noise has been 
demonstrated at high pixel rates, and on-chip gain of up to 1000 can be 
available. More details arc available on the E2V web site [5]. 

The CCD65 TV-format sensor is available alone or within an analogue 
camera. This is only manufactured as a frontside illuminated sensor, in 
ceramic or Peltier packages. Board sets and modules are also available. 

The CCD60 sensor, designed for wavefront sensing, is available in 
frontside form (July 2002). A backside-illuminated version is in 
development, and expected to be available by late-2002. 

The CCD87 (512x512) is a scientific sensor, available from Aug-2002 in 
frontside form. Early versions of a backside illuminated CCD87 were 
available in 4Q 2002. In August 2003 an updated compatible CCD97 
backthinned sensor will be available. 

Other formats are in discussion or development (including a 1024x1024 
format). The many application areas remain to be established, but wavefront 
sensing, high-speed imaging, and low noise detection offer important 
opportunities for astronomers. 



4. Novel CCD types 

E2V CCDs are used for many applications including astronomy, space, 
commercial, and defence. In particular, many sensors have been developed 
for custom contracts, and are not widely known in the ground-based 
astronomy community. Here we shall indicate some of the variety of custom 
devices and packages that can be made (although not all that were presented 
at the workshop can be included here). 
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Figure 4. E2V devices: 1) Space- Corot CCD42-80 frame-transfer sensor (on handling 
jig). 2) Space- Large custom Peltier-cooled sensor, 3) Space-Stereo CCD42-40 
on custom mounting plate. 4) CCD2I-40 I2K (8 pm) pixel linear sensor, 5) D- 
C1XS set of four CCD54 (1.1 cm 2 ) x-ray sensors and 6) D-CIXS "swept 
charge" single pixel architecture 
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Figure 5. E2V devices: 7) Pair of large CCD46-62 (55x43 mm) sensors on wafer. 8) Space- 
Envisat CCD25-20 spectrometer sensor (graded AR coating), 9) Space- two CCD43- 
62 sensors in Hubble WFC3 focal plane assy. 10) CCD43-62 (4096x2050. 15 pm) 
sensor architecture, 1 1 ) Set of 96 CCD32-60 (800x4000) Vertex detectors for SLAC 
and 12) 40-chip mosaic of CCD42-90 sensors (CFIIT). 
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A highlight ofPaniolo night was the fashion show. As paparazzi take photos from the rear of 
the catwalk. Mot ley lllouke struts the latest western style from Beaverton. Oregon. 
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Abstract: Deep sub-micron (S 0.25 pm) CMOS enables the existence of imaging sensors 

with lower noise at higher video frequencies and lower power dissipation than 
previously possible. This CMOS-based imaging System-on-Chip ( i-SoC ) 
technology hence produces large monolithic and hybrid Focal Plane Arrays 
(FPAs) that outperform competing CCD-based imaging sensors. The hybrid 
approach produces visible 2048 ' FPAs and 4096' mosaics with - 5e' read 
noise at 1 MHz and quantum efficiency >80% from 390 nm to 930 nm. The 
monolithic approach produces risible 12-bit imaging system-on-chips such as 
a 1936 by 1088 with higher quantum efficiency than mainstream CCDs, < 25e 
read noise at 75 MHz and power dissipation < 180 mW. 



Key words: infrared ( IR ), Focal Plane Array <FPA), Complementary Metal Oxide 

Semiconductor (CMOS), Charge-Coupled Device (CCD), imaging system -on- 
chip(l-SoC) 



1. Introduction 

Motivated by the compelling need for low-noise, pixel-based amplifiers, 
infrared Focal Plane Array (FPA) designers quickly moved from CCD 
readouts to CMOS multiplexers in the mid-1980's. Subsequently leveraging 
Moore’s Law [1] over the intervening years, 2048x2048 focal plane arrays 
and 4096x4096 mosaics now provide read noise as low as a few e' for 
imaging with 12- to 16-bit resolution at high video rates [2, 3]. This 
paradigm shift presaged the battle now raging between competing visible 
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sensors by over one decade. While many low-light-level cameras still use 
CCDs for signal readout, alternative deep sub-pm CMOS technology is 
justifying a similar pilgrimage for visible camera designers. 

Shrinking CMOS feature size is now pushing CMOS-based imaging to 
larger arrays with smaller pixels. Figure 1 shows the corresponding number 
of transistors that fit into 5 pm by 5 pm, a typical pixel size for a two- 
dimensional visible imaging array. While the digital processes used to 
produce microprocessors first enabled integration of several transistors per 5 
pm pixel at the start of the 1990’s, as shown by the CMOS trendline for 
microprocessor transistor integration, analog processes and design trades 
enabled similar integration for visible imaging sensors by -1995. Thus 
began the epoch of CMOS-based sensors as a competitive alternative to 
CCDs. 
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Figure l. “Practical" number of MOS transistors that fit into a 5 pm by 5 pm pixel vs. year. 



The "Analog" group in Fig. 1 focuses on imaging sensors with analog 
output such as infrared focal plane arrays. The "Digital" grouping translates 
microprocessor transistor data to the "pixel-centric" domain. The “ADC" set 
includes imaging sensors for machine vision with pixel-based processing and 
others with direct-to-digital architecture, such as Yang [4]. “Visible CMOS” 
accounts imagers with analog pixels and digital output. 
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1.1 CMOS System-on-Chip Architecture 



CMOS-based imagers for both infrared and visible applications now use 
pixel-based amplifiers in the imaging system-on-chip architecture shown in 
Fig. 2. The pixel-based amplification enabled by CMOS is best exploited by 
the latest CMOS technology. While the gated-integrator signal formation in 
the CMOS pixel amplifier sets the signal bandwidth appropriately, the 
predominant noise bandwidth of a large format CCD imager is several orders 
of magnitude higher to read the signal with minimum electrical crosstalk. 
The read noise of a large format CCD after CDS is hence often dominated 
by the output amplifier’s thermal noise. The CMOS paradigm mitigates this 
problem because the pixel-based amplifier’s bandwidth is better matched to 
the pixel sampling frequency. This reduces the relevant noise bandwidth so 
that the CMOS output buffer's noise is negligible. 
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Figure 2. Architecture of representative CMOS imaging system-on-chip. 

Unlike the CCD where both charge-to-voltagc conversion and video 
signal buffering occur at the output, these two critical functions are separated 
in CMOS readouts. The conversion gain is thus optimized for each 
application. Sense capacitance as small as 0.35x10 15 F has thus far been 
achieved; resulting in measured conversion gams >100 mV/C using 
additional on-chip programmable gain amplifiers. 



2. Key Metrics 

CMOS-based imagers hence provide lower temporal noise at video rates 
along with practical advantages such as on-ehip integration of camera related 
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functions. While monolithic CMOS competes with commercial CCDs, the 
CMOS-based hybrid facilitates simultaneous optimization of optical fill 
factor, detector performance and pixel amplifier design. Hybrid manufacture 
allows the constituents to be fully optimized to the extent that the relevant 
available technologies allow. In this multi-chip module, signal detection and 
readout are segregated by flip-chip hybridization where: 

• quantum detection is performed in the optimum detector for the 
specific spectral band and operating temperature. 

• low-noise amplification and multiplexing is done in the CMOS 
readout 

• indium interconnects mechanically and electrically interface the 
detector array and readout. 

These advantages have led to the development of CMOS-based hybrids that 
use silicon detectors [5] or alternative materials with optimized bandgap to 
reduce dark current, raise operating temperature and optimize the spectral 
bandpass. 



2.1 Read Noise 

Mean read noise for various hybrid and monolithic imaging FPAs is 
summarized in Fig. 3, a plot of read noise vs. "sense" capacitance for various 
Source Follower per Detector (SFD) and Capacitive Transimpedance 
Amplifier (CT1A) imaging sensors. 
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Figure 3. Read noise vs. sense capacitance for CMOS-based i magi nit sensors at 5 to 75 MHz. 
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The basic trend toward lower noise for lower capacitance is common to 
all sensors. However, CMOS read noise is typically < 20 e for sense 
capacitance as large as 100 fF. Further, alternative capacitive T1A designs 
having feedback amplifiers can transmute the relevant noise capacitance 
from a larger detector-based value to a smaller feedback capacitance to 
further suppress kTC noise 

Figure 4 compares theoretical limits for noise at 8 IT and 12 fF sense 
capacitance to the read noise reported on CCDs optimized for astronomy, 
video CCDs available from several manufacturers, the CMOS-based 
HAWAII-2 IR and visible FFAs, and our monolithic ProCam-HD CMOS 
sensor. 
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Figure 4. Read noise vs. frequency for various CCDs and CMOS-based imaging sensors. 



In good agreement with theory, read noise <3 e is repeatedly achieved 
with astronomy CCD’s from the Massachusetts Institute of Technology’s 
Lincoln Laboratory at 10 to 20 kHz. Read noise for video CCDs, on the 
other hand, increases faster than the amplifier white noise at higher 
frequencies due to the deleterious impact of excess camera noise stemming 
from inadequate transimpedance. The ProCam-HD CMOS imager's read 
noise is significantly lower than the video CCDs at frequencies above 10 
MHz with nearly constant read noise of -20 e . The dominant noise 
mechanisms for this device weakly depend on the video rate and associated 
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bandwidth. In comparison, HDTV CCDs have >80 e read noise at 75 MHz. 
Hybrid visible FPA noise is -6 e to 1 MHz. The soon available visible 
HAWA1I-2RG is expected to have read noise approaching 1 e at 1 MHz 
using Fowler sampling at 32 pairs. 



2.2 Quantum Efficiency 

An optimized silicon detector can offer near- 100% quantum efficiency 
from UV to NIR. Optimization, however, requires decoupling the detection 
process from the readout process. To produce high performance visible 
FPAs, we are thus developing visible sensors that combine high sensitivity 
silicon detector arrays with sub-micron CMOS readout multiplexers and Hip- 
chip hybridization technology that has been developed and optimized over 
the past 20 years. In addition, the commonality of readouts and controllers to 
1R channels is another unique attribute. This technology meets high-end 
visible imaging needs especially when performance, radiation hardness, 
stability and operability are all important. 

Figure 5 shows quantum efficiency (QF) data taken on a hybrid visible 
silicon imager (HyViSl), labeled HyViSI-1, with 8 um pixels having anti- 
reflection coating. 




Figure 5. Measured quantum efficiency for hybrid and monolithic CMOS imaging sensors. 
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The FPA data taken using a set of narrow bandpass filters agrees with 
PEC QE spectral curve. The spectral response exceeds 90% from 415 nm to 
905 nm and 80% from 390 nm to 930 nm. QE loss analysis indicates that 
optical reflection loss is the dominant loss mechanism. HyViSI-2 hence 
shows the lower performance due to reflection loss that is achieved with a 
single-layer a-r coating. Also shown is the QE for a monolithic CMOS 
ProCam-HD sensor with near- 100% fill factor microlenses [6]. Here the 
dominant loss is inadequate absorption in the near infrared. 



3. Conclusion 

CMOS-based imaging system-on-chip (i-SoC) technology is successfully 
producing large monolithic and hybrid FPAs that are superior in many 
respects to competing C'C’D-based imaging sensors. The hybrid approach 
produces visible 2048x2048 FPAs with <6 c read noise, quantum efficiency 
>90% from 415 nm to 905 nm, and pixel operability of 99.97%; 4096x4096 
mosaics are now being developed using the HAWA1I-2RG readout [7]. 

Table 1 compares three visible FPA technologies with respect to over a 
dozen key parameters. Values that are relatively inferior are italicized, 
including many of the values for incumbent CCD sensors that are available 
as Commercial-Off-The-Shelf (COTS) and astronomy sensors. 



Table I. Parametric comparison of CCD. hybrid CMOS and monolithic CMOS. 



Parameter 


CCD 


Hybrid Si 


CMOS 


Read Noise: 250 KH/ 


maotn 


< 2 c" 


<2 e' 


1MHz 




< 2 e' 


<2e 


75MHz 




<25 e 


<25 e 


QE >70% Science 


400-800 


375-950 


470-680 


COTS 


Poor 


450-950 


470-680 


Fringing 


Yes 


None 


7 


Brickwall Pallem 


Yes 


No 


No 


Pitch (pm) 


>3 


>8 


>3 


Dark Current 


Low -High 


High 


Moderate 


Image Smear 


Yes 


No 


No 


MTF @ Nyquist: 250 KHz 


> 65% 


> 60% 


> 65% 


75 MHz 


>5% 


>60% 


> 65% 


Snapshot (<i 8 pm 


Yes 


Yes 


Yes 


Rad-Hardness 


Low 


High 


High 


System-on-Chip 


No 


Yes 


Yes 


Romance. 'Wizardry' Passion 


Cult Status 


All Business 


All Business 


Maturity 


TRL-9 


TRL-7 


TRL-7 



Based on this objective comparison, the hybrid silicon imager appears 
superior to both CMOS and CCD technology. CMOS technology appears 
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generally superior to CCD, except for the fact that many scientists have a 
compelling need to be intimately involved in optimizing performance at the 
instrument level. There is consequently a justifiable "cult status" associated 
with their use for astronomy. 
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The winners of the mechanical bull riding competition. Right to left: First Paniolo ( T. Hardy), 
Second Paniolo (P. Bristow) and most pathetic Paniolo (R. Smith). 
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Abstract: The OSIRIS cameras on-board ESA 's spacecraft ROSETTA use a new version 

of thinned CCD42-40 CCDs with anti-blooming. Marconi employed its lateral 
shielded anti-blooming technique, which was already developed and applied 
to the CCD47 pnxiuction line. The performance of the anti-blooming in 
particular is described herein as well as other basic detector characteristics 
such as excellent charge transfer efficiency, low spurious charge generation 
and dark charge reduction by clock dithering. Furthermore, reduced 
repeatability performance is reported due to trapped charge in thinned 
CCD42-4Q devices. The release time is temperature dependent. Operations at 
room temperature require special attention whereas a pre-flash to saturation 
is widely sufficient to Jill the traps in cooled devices for a longer observation 
period. 

Key words: Charge-Coupled Devices (CCDs), anti-blooming. Charge Transfer Efficiency 

(CTE>. spurious charge, trapped charge 



I. Introduction 

The ROSETTA spacecraft will be launched in 2003 and will meet comet 
Wirtanen in 2011 for an observation period of up to 4 years. The OSIRIS 
camera system on-board ROSETTA consists of two separate sub-units, a 
wide-angle camera and a narrow-angle camera. Both multi-spectral camera 
sub-systems use identical CCD detectors. 

The OSIRIS CCDs arc based on the standard CCD42-40 design and were 
produced by Marconi under contract of MPAE. Lateral (shielded) anti- 
blooming overflow protection was introduced to allow observation of weak 
cometary features near bright regions with partial over-exposures. The 
advantage of the lateral anti-blooming technique is that the quantum 
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efficiency is nol degraded. Non-MPP devices were used because ihey 
provide higher charge capacity of> 100,000 e pix 

2. Anti-Blooming Function 

Full well capacity on devices with shielded anti-blooming is basically 
determined by the potential of the Anti-Blooming Drain (ABD). Higher 
drain potential leads to lower charge capacity and to enhanced charge 
removal capability accordingly. Figure 1(a) show's plots of the charge 
capacity across the image section for different drain potential levels between 
16.5 and 21.5 V. Obviously, the removal structure is homogeneously 
established across the image array, since the charge capacity appears widely 
uniform. With a drain potential of 18.5 V (Fig. 1(b)), the anti-blooming 
w'orks perfectly and the obtained charge capacity of 110,000 e pix 1 is 
higher than anticipated. 




0 SOO 1030 1500 2000 



Column* 0 lo 204V; flDD/DD; 16.5 lo 21.5 Volt 
b Min’ & Av*' Full Well vs ABD/DD potential 




10 17 III III 21) 21 22 



>\BI)/DI) potential. V Temp 2029 X 

Figure I. la ) Full well amplitude plots across the lop of ihe image section for different ABD 
potentials, lb I Minimum and average full well figure plots for the applied 
potentials. 

The achievable charge removal capability is > 107 e s pix \ On pixels 
where the charge removal is exceeded, overrunning charge spills over into 
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almost all directions, so that a locally limited area is filled with charge 
instead of columns. 

3. Clock Dithering 

Clock dithering was used during the evaluation of our non-MPP detectors 
to keep the dark charge low in all operations at higher temperatures. We 
used full pixel wide dithering at a fixed rate of 80 ps/cycle that establishes a 
reasonable compromise between power consumption and charge reduction. 

Profitable charge reduction can be obtained only if the Vertical Charge 
Transfer Efficiency (V-CTE) is high enough and if, in addition, the spurious 
charge generation is sufficiently low. We found such fast dithering useful at 
temperatures above 230 K and obtained a highest dark charge reduction rate 
of up to a factor of 15 at room temperature. Below 230 K clock dithering at 
this rate is no longer useful, because spurious charge becomes dominant. 

We use fiat field LED exposures to /* full well for all CTE measurements 
and found, as shown in Table I, excellent vertical CTE. 



Table I. Typical OSIRIS CCD Vertical Charge Transfer Efficiency (V-CTE). 



Temperature 


V-CTE 


295 K 


.999 999 58 


1S0K 


.999 999 98 


160 K 


.999 999 96 



Spurious charge generation in the image section can be determined by 
comparing dark images obtained with and without clock dithering at low 
temperatures. Figure 2 shows histogram plots of the dark charge amplitudes 
accumulated in 10 min at 160 K. The spurious charge generation rate here is 
I e /900,000 clock cycles. 



Histogram <>r Imago Section Dark Charge; CCD #240 
A 0*10" ~ ' ' ’ 1 * ' ' ' ' 1 ’ ' 1 r “* 




0 00 100 100 200 200 
implituHr - Fvp Tim* lUlfl « Tpmp 160 0 (K) 



Figure 2. Histogram of dark charge without and with clock dithering at 160 K. 
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4. Trapped charge effects 



The response of the thinned CCD42-40 devices is affected by charge 
traps that have a density of about 1% of the peak signal storage density. 
Basically, a fraction of the signal charge is being trapped as long as the traps 
are not saturated. The magnitude of the signal loss depends on the actual fill 
factor of the traps. This fill factor is a result of an interaction between 
previous light stimulation and charge release. The release time is 
temperature dependent. 

At room temperature, the release time is about 6 minutes. Figure 3 shows 
how under these operation conditions the signal amplitudes depend on the 
image acquisition rate. All images in this example were identically exposed 
to about 20% full well amplitude. The effect of previous exposures to 
succeeding images is clearly visible for acquisition rates of less than 6 
minutes. Obviously, at room temperature operations, thinned CCD42-40 
devices have limited registration accuracy. 



Average Signal for diff. Acquis. Rates; CCD *240 
11520 ' 1 7 ~ 1 







idle time: 
0 s 
-t s 

8 s 



60 s 



* 120 s 



* 180 s 
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11420 
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Time, * - Exp. Time: 1.25 s. Temp.: 292.9 (K 



Figure 3. Average image amplitudes for different acquisition rates at 293 K. (Note that all 
these images were obtained with identical Hat field exposures.) 

At lower detector temperatures, the release time is in the order of many 
hours. Consequently, a pre-flash to saturation is sufficient to fill the traps for 
a longer observation period. Such pre-flash can consist of either a single full 
well exposure or, alternatively, of multiple exposures with lower light levels. 
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Figure 4 shows the average signal amplitudes received from the first 
images after the detector was cooled down to 180 K, or, in other words, with 
empty traps at the beginning. All 15 images were identically exposed to / 
full well, with 5 consecutive exposures each at the time of the beginning, 
after I hour and, finally, after 3 hours. The signal build-up in the first 5 
images is clearly visible. Once, after the CCD was w'cll exposed, the traps 
are filled with charge, and suitable repeatability can be expected on further 
images. 
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Figure 4. Average signal amplitudes from the first 15 exposures at ISO K with empty traps at 
the beginning. 
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5. Conclusion 

The OSIRIS CCDs passed the detector evaluations w ith excellent results. 
The applied anti-blooming overflow protection works perfectly and can be 
highly recommended to other users searching for instrument improvements. 
On the other hand, charge traps in thinned CCD42-40 devices make image 
registrations somewhat complicated, particularly at higher temperatures. 
Users shall be aware of the charge traps requiring suitable pre-flash 
stimulation prior to imaging operations. 
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Abstract: The University of Arizona Imaging Technology Laboratory has processed 

several types of very large format <> 4Kx4K pixel) charge coupled devices for 
low light level scientific applications. These back illuminated devices were 
produced from frontside die fabricated by or for Fairchild Imaging Systems. 
Semiconductor Technology Associates, the Jet Propulsion Laboratory, and 
Kodak. A Philips 7Kx9K frontside device has also been processed using 
similar techniques. The backside sensors yield >90% quantum efficiency > 
(QE). All devices show excellent charge transfer efficiency !CTE> 0.999997 ) 
at operating temperatures (typically -100 c C). Devices specifically designed 
for low signal applications have been demonstrated with less than 4 electrons 
read noise. 



Key words: Charge-Coupled Device (CCD), astronomy, detectors, silicon, imaging 



1. Introduction 

Very Large Format (VLF) CCDs arc defined as devices with 4 Ka 4K 
pixels or more. The typical pixel sizes of 9-15 pms make these devices 
among the largest integrated circuits in the world, usually over 60 mm per 
die side. Work at the University of Arizona Imaging Technology Laboratory 
(ITL) has led to the production of back illuminated VLF CCDs optimized for 
low light level applications. We have processed devices from several 
vendors and demonstrated that such sensors are excellent candidates for 
scientific and industrial imaging programs. 
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Large telescopes and spectrographs often have focal planes that exceed 
the maximum diameter of the silicon wafers used to fabricate visible light 
solid state imagers (currently 150 mm). Therefore a mosaic of devices is 
required to fully populate these focal planes. In order to minimize the 
complications of using a large number of individual sensors, it is 
advantageous to use detectors that are as large as possible. A previous paper 
publication demonstrated that 4Kx4K 15 pin pixel devices were feasible 
with devices fabricated at Fairchild Imaging Systems [1]. We have now 
demonstrated that multiple vendors can produce such devices, all with 
exceptional performance. 

We present here a brief update of our work with the Fairchild devices and 
present new results from devices fabricated by or for the Jet Propulsion 
Laboratory', Semiconductor Technology Associates, and Kodak. The 
backside process developed at 1TL and applied here has been published 
previously [2,3]. First, we briefly discuss our work that led to the 
development of the VLF CCD process, the front illuminated Philips 7Kx9K 
CCD. 



2. Philips 1Kx*)K Front Illuminated CCD 

The first of the VLF CCDs processed in our laboratory was the Philips 
7Kx9K device. While this device was not thinned because it incorporated a 
vertical antiblooming structure, which limits effective thickness to about 3 
pms, it was the beginning of our development of very large scale detector 
packaging techniques. We briefly summarize this work here. 

The devices were fabricated on 150 mm wafers with one die per wafer. 
They were constructed with step and repeat modular mask sets, which define 
particular areas of the imager on the silicon wafer. Each block consists of a 
1024x1024 12 pm pixel area with different blocks for corners, amplifiers, 
and wire bond sections. They can be stitched together in any mKxnK size. 
The development of this device was a collaboration between American 
Digital Imaging, Inc., ESO, Max Planck, DLR, and the U. Arizona (for post 
fabrication processing). The CCD has four amplifiers and utilizes 4-phase 
parallel and 3-phasc serial clocking. 

We developed an Invar-36 carrier as the basic device package. Invar-36 
was chosen because of its machinablity, stiffness, and adequate thermal 
expansion and conduction properties. We attached to the carrier two 
identical FR-4 printed circuit boards with gold plated copper traces for wire 
bonding and I/O fanout. Each board is located at the shorter (serial register) 
end of the device and contains one 37-pin Nanonics cryogenic connector for 
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external I/O connection. The two connectors per CCD have identical 
pinouts. 

The Invar-36 carrier was machined and polished flat to a specification of 
2.5 pm peak-to-valley, and is 7.62 mm thick to maintain flatness during 
thermal cycling. We engineered all Invar packages to have less than 1 pm 
peak- valley flatness deviation. The packages and attachments have been 
rapidly thermally cycled between liquid nitrogen and room temperature. We 
have imaged devices as cold as -165 C. The entire CCD and package 
weighs approximately 1000 g, with no attempt to minimize mass. The CCD 
is attached to the Invar-36 carrier with an electrically conductive 
thermoplastic. We imaged several devices and found CTE better than 
0.99999 and reasonably good cosmetics. Nearly all amplifiers in the lot 
were functional. This device w^as a clear demonstration that 150 mm wafer- 
scale devices can be produced. 



3. Fairchild 4kx4k Devices 

We have previously reported on the backside processing of 4Kx4K 
devices fabricated by Fairchild Imaging Systems. These devices included 
the CD4096JJ, CCD485, and CCD486 CCD imagers. Here we briefly 
summarize some of the processing considerations of these VLF devices and 
update final performance data. 

All three Fairchild devices are 4096x4096 15 pm pixel devices. The 
CCD4096JJ was a custom device fabricated for Caltech. The CCD485 and 
CCD486 devices are commercially available from Fairchild. The 
CCD4096JJ and CCD485 devices were backside processed at ITL, 
fabricated on 100 mm diameter wafers and did not have frontside substrate 
(ground) contacts. The CCD486 devices were fabricated on 125 mm wafers 
and did have frontside substrate contacts. 

Developing a backside substrate contact afler thinning proved to be a 
difficult but important step in producing the first thinned 4Kx4K devices. 
The CCDs w'ere received from the fab with metal plating on the backside 
(gold or aluminum) that was used to improve die attachment for the frontside 
devices. Because the as-received thickness (450 pms) w'as not well suited to 
the ITL thinning process, and because the metal had relatively poor adhesion 
to the backside, w'C had the metal removed and the devices lapped to 250 
pms by an external vendor (Disco Hi-Tec America). 

After receiving the newly lapped wafers, 2000 A of 100% aluminum was 
deposited onto the w'afer backside. This thickness w'as chosen to provide 
good ohmic conductivity and to allow for subsequent wire bonding to ensure 
a clean electrical connection to the backside. 
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The backside aluminum was left on the devices during dicing and flip 
chip bonding. Before acid etching, the edges of the device were protected 
with wax, leaving a border approximately 2 mm wide. A commercial 
aluminum etch was used to remove the metal over the area to be thinned, 
leaving aluminum under the protective wax. Following this procedure, the 
devices were backside thinned. 

Wire bonding to the final backside contact did not always pass pull 
testing, and so each wire was strengthened with conductive epoxy (Epoxy 
Technologies H-20E). No contact problems have occurred with this process. 
Several experiments were made with the contact disconnected, and although 
the device functioned, very long parallel clock overlaps (>100 
microseconds) were needed to obtain good vertical CTE. This is expected 
from a high impedance ground contact, w'hich would degrade the parallel 
clock waveform in the image area. Since then we have performed 
experiments to develop a backside contact for such devices using direct 
ultrasonic indium alloy soldering to the silicon. While we have had some 
success, the aluminum deposition process has still proven to be the most 
reliable. 

The CCD486 CCD was designed specifically for low noise, scientific 
applications. It has four single-stage amps and is near-buttable on 2 sides 
(no bond pads). It has been packaged in the same Kovar tub as the CCD485 
device and does not require the extra processing of creating a backside 
ground contact. 

The measured performance of both Fairchild 4Kx4K devices is 
excellent. Noise has been measured at 3.5 e' (50 kHz) for the CCD486 and 
6-7 e for the CCD485. HCTE and VCTE are better than 0.999998. Full well 
is over 80,000 e‘ in MPP mode. Because of its dual-stage amplifier, the 
CCD485 can be read out faster than the CCD486. The full image can be 
read from 1, 2, or 4 amplifiers. Dark current is about 3 c/pixel/hour at -100 
°C'. These imagers are excellent candidates for many scientific programs 
requiring a VLF back illuminated CCD. Typical QE curves of several of the 
VLF CCDs discussed are shown in Fig. 1. The differences in the curves arc 
accounted for by varying antireflection coatings and epitaxial thicknesses 
( from 1 0-20 pins). 



4. JPL4096 

The JPL4096 device is a custom CCD designed by Dr. Mark Wadsworth 
at the Jet Propulsion Laboratory and fabricated by an external vendor. The 
device has 4096x4096 1 5 pm pixels. Backside processing at ITL has been 
fairly straightforward wdth no unusual requirements. Of particular interest 
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with this device are the amplifiers, which have been measure to produce 2.2 
e noise on the frontside parts by Tom Elliot of JPL. 



UA ITL Very Large Format CCDs 




300 400 500 600 700 800 900 1000 

Wavelength (nm) 

Figure I. The measured QE of VLF CCDs at room temperature. 

CTE is better than 0.99999 at 1620 e and -100 °C. The backside read 
noise is under 5 e at 50 kHz. Additional characterization of the device is 
underway, but it is clear this is also a viable candidate for VLF imager 
requirements. This device also demonstrates that such imagers can be built 
by multiple vendors. 

5. STA0700 

The ST A0 700 CCD is a 4Kx4K device custom produced by Dr. Richard 
Bredthaucr at Semiconductor Technology Associates for the University of 
Arizona. The wafer mask was designed to include several different types of 
CCDs needed by various UA projects, including 800x1200 and 2688x512 
spectroscopic format CCDs. These are updated designs of detectors 
produced many years ago and fabricated by Ford/Loral (designed originally 
by Dr. John Geary of the Smithsonian Astrophysical Observatory). An 
interesting aspect of this lot is that two 4Kx4K devices have been produced 
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on each wafer. The 4K devices have low noise amplifiers which were based 
on ihe testing of previous CCDs fabricated by ST A and others [4]. 

Initial performance of these devices has only been measured frontside on 
the ITL cold probe station (-60 °C) since the lot runs were received in the 
spring/summer of 2002. CTE is better than 0.99999 and cosmetics are 
excellent. The first lot run showed a fabrication problem, most likely related 
to insufficient contact etching, and has been replaced with a second run. 
This lot is currently under test. 



6. KODAK KAF 1680 IE 

The Kodak 1680 IE CCD (4K*4K with 9 pm pixels) is available 
commercially as a front illuminated sensor from Eastman Kodak [5]. Dr. 
Franz Weber at the Lawrence Livermore National Laboratory has contracted 
ITL to produce a back illuminated version of the device for X-ray imaging. 
An interesting requirement of the project has been that the CCD must be pin- 
compatible with the frontside part in order to make use of existing cameras. 
This required a significant packaging development utilizing multilayer 
aluminum nitride (AIN) ceramic technology. The devices also have a 
relatively thin epitaxial layer ( 10 pms) which made thinning with high yield 
difficult and required the development of a modified etching process. All 
other 4K devices we processed had been fabricated on at least 1 7 pm thick 
epitaxial material. Both of these development efforts were successful and 
several backside KAF 1680 IE devices have been produced. The developed 
package is shown in Fig. 2. 




Figure 2. A back illuminated KAF1680IE CCD iu ihe AIN package. 



The performance of these devices is excellent. CTE is better than 
0.999998 at -100 °C, even though previous Kodak parts have been reported 
to have CTE problems at cold temperatures. The cosmetics are very clean. 
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and many parts have no defects. We have had some trouble backside 
charging the devices using our standard process, and hence see lower QE 
than usual. We are currently working to solve this problem. Overall, the 
backside processing of the Kodak parts, including the ceramic packaging, is 
now routine and such devices are well suited for projects requiring VLF 
devices with smaller pixels and high frame rate capability (pixel rate up to 
10 MHz). 
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Abstract: We describe results obtained in a development programme to procure 

detectors with high sensitivity to hard X-rays. We note where this programme 
has broad synergies with developments for giound-based astronomy arrays. 
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1. Introduction 

CCDs (specially adapted for X-ray response) have become the workhorse 
detector for X-ray astronomy in the last decade. Future observatory designs 
highlight detector requirements that suggest that silicon must be replaced as 
the material of choice: The X-ray luminosity budget of the Universe is 
dominated by non-thermal emission mechanisms in Active Galactic Nuclei 
(AGN), and which peaks at energies »10 KeV. Unfortunately, the low 
density of silicon precludes a high stopping efficiency at such energies. 
Increased emphasis on studies of the high red-shift Universe conversely 
implies that the important X-ray emission lines of iron will be shifted to 
tower energies (-1 KeV'), but the energy resolving capability to perform 
plasma diagnostics must be better than the theoretical limits of the silicon 
detection process. These two orthogonal requirements are addressed through 
our developments of compound semiconductors, typically of lll-V and II-VI 
group materials. 

Additional requirements are imposed by future observations of planetary 
surfaces by X-ray fluorescence techniques. The IiSA Bepi-Colombo mission 
to Mercury in particular places stringent requirements for operation at 
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elevated temperatures, and also for the harsh radiation environment [ 1 ]. 
Operation at room temperature, and after Mega-rad radiation dosages needs 
to be demonstrated. Semiconductors with a wider bandgap than silicon 
allow, in principle, a higher temperature operation through reduced dark 
current. 



2. Gallium Arsenide 

The most successful developments to date have been obtained with GaAs 
substrates, fabricated with high quality epitaxial layers from 40 to 400 pm 
thick. Relatively low (-100 V) bias is needed to deplete the -100 pm 
intrinsic layer formed as part of a p-i-n structure. A 1 mm diameter diode 
with a resistor-less feed-back amplifier exhibited energy resolutions at 5.9 
KeV of 219 eV at 243 K and 266 eV at room temperature [2]. 

Based on such promising performance we proceeded to fabricate 
pixelated detectors. 32x32 arrays of 350 pm square pixels were produced. 
These were measured at a synchrotron beam at HASYLAB. Spatial response 
was fiat to -2%, and energy resolution indistinguishable from single pixel 
detectors [3]. 



3. Other Materials 

Other semiconductor samples have been tested using a variety of material 
processing techniques, and fabricated into single diode detectors. A sample 
of measured performance and detector characteristics is shown in Table 1. 



Table I. Summary of properties of various compound semiconductor detectors. 



Material 


Si 


GaAs 


CdZnTc 


Hid 


TIBr 


Density 


2.33 


5.32 


-6 


6.4 


7.56 


Band yap (cV> 


1.12 


1.43 


0.67 


2.15 


2.68 


Pair creation 
energy (cV) 


3.67 


4.2 


-5.5 


4.2 


6.5 


l/e' absn. length 
(mm) 100 KeV 


23 


3.5 


-1 


0.46 


0.32 


Detector si/e 




0.25x0.25 








(arcaxthickness) 




400 pm 








AE <o 5.9 keV 




260 


311 


438 


650 






m RT ) 


m -37 °C> 


08-19C) 


«8 -30 °C) 


AE <a 59.5 keV 


- 


470 


S24 


1540 


2300 



InP has an even higher stopping power than GaAs, and is undergoing 
extensive development for LSI (Large Scale Integration) and micro-machine 
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applications. Liquid encapsulated Czochralski wafers, doped with Fe and Zn, 
have been fabricated into 1 mm diameter. 180 pm thick detectors. The best 
resolution demonstrated was 0.8 KeV at 5.9 KeV. 

CdZnTc is one of the most widely used semiconductor detector crystals. 
We characterized a number of high quality commercially grown crystals, 
selecting the best to fabricate a 2 mm diameter detector which produced 
-300 eV resolution at 5.9 KeV when cooled to -37 °C. 

Mercuric Iodide and Thallium Bromide detectors have been investigated 
for a number of years for their high X-ray stopping capability. Our measured 
energy resolutions with the best detectors are comparable with the best data 
reported to date w ith these types of detectors. 

4. Indium Antimomde 



The low bandgap that facilitates 1R sensitivity in InSb should, in 
principle, allow' the generation of >5 times as many charge carriers per X-ray 
photon than Si. With a commensurate reduction in statistical fluctuations, the 
limiting energy resolution in InSb would be more than a factor 2 better. Fig. 
1 show's the resulting improvement in spectral diagnosis that could be 
achieved for the application of measuring the iron-line emission in a highly 
red-shifted AGN (luminosity 2 1 0 ‘ ' erg/sec, z=4) with the proposed LSA 
XEUS Observatory [4], 




clearly resolved wilh Ihe InSb detector, allowing metallicity in early Universe lo be 
probed. 
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We note the long-recognised advantage of characterising optical 
astronomy CCDs with X-ray sources to define gain and CTl performance. 
We intend to demonstrate this application in low noise IR InSh astronomy 
arrays, to the benefit of both disciplines. 



5. ASICs 

Focusing technologies for high X-ray energies, do not allow high 
resolution, and modest array sizes (128x128 of pixel size -200 pm) are our 
current goal. The development of readout ASICs (Application Specific 
Integrated Circuits) for IR arrays, and parallel developments in CMOS 
imagers in the last few years has been rapid. All the above materials, if 
processed into such pixel arrays, would be commensurate in size to the 
ASICs used with IR arrays of the lKxlK class. If we obtain the very low 
dark currents promised with the wide bandgap, and low capacitance 
associated with fully depleted detectors, then the technology for source- 
follower input readout ASICs should be directly transferable to X-ray 
applications. 
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Abstract: Superconducting Tunnel ./unction (STJ) detectors offer wavelength-resolved 

detection of single optica! photons with high time resolution. To meet the 
needs of future astronomical instruments, large detector arrays must he 
developed. We describe recent activities aimed to secure such performance, 
and highlight results achieved with prototype arrays when employed at the 
William Herschel Telescope. 

Key words: photon-counting, spectroscopy, time resolution. Superconducting Tunnel 

Junctions (STJs) 



1. Introduction 

The absorption of a photon of energy, E, in a superconductor is followed 
by a series of fast processes that involve the breaking of Cooper pairs by 
energetic phonons, created by the hot electrons that are produced when the 
atom relaxes after the initial photo-absorption. This cascade results in the 
conversion of photon energy to free charge carriers, (known as quasi- 
particles) in excess of any thermal population. At sufficiently low 
temperatures (an order of magnitude lower than the superconductor’s critical 
temperature, T c ) the number density of thermal carriers is very small while 
the average number of excess carriers, N ( „ created as a result of the photo- 
absorption process can be written as: N«,(E ) ~ 7x1 () : E /A(T/T C ). Here the 
photon energy is expressed in eV and the temperature dependent energy gap 
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A(T/T C ) is in meV. Thus, in a superconductor such as tantalum the initial 
mean number of free charge carriers created, N 0 (E), is - 10' per eV. The 
variance of N (I (E) depends on the variance in the partition of the absorbed X- 
ray energy between productive phonons which can break Cooper pairs, and 
phonons which are essentially lost from the system (£2 < 2A). 

The quasiparticlcs produced through photoabsorption can be detected by 
applying a DC potential across two such films separated by a thin insulating 
barrier, forming a Superconducting funnel Junction (STJ). This potential 
bias favours the transfer of quasiparticlcs from one film to the other through 
quantum mechanical tunneling across the barrier. After initial tunneling, a 
quasiparticle can tunnel back, therefore contributing many times (n) to the 
overall signal. Typically <n> is of order 10-100 and depends on the size and 
nature of the STJ. 

Considerable improvements in STJ fabrication led to the first detection of 
single optical photons several years ago [ 1 ], followed by progressive 
increases in energy resolving capability. Now a practical astronomy 
instrument needs the demonstration of arrays with a number of elements 
sufficient to challenge other technologies. A number of different approaches 
to developing arrays are outlined in Sec. 2. We briefly summarise the colour 
discriminating properties in Sec. 3 and finally highlight first results obtained 
with astronomical observations. 



2. Array Architectures 



2.1 Single Junctions 

Figure 1 shows a Nomarski photograph of a tantalum 10x12 STJ array: 
the devices are 25 um square with 1.5 pm wide Nb leads and 4 pm wide 
trenches. The Nb bridges crossing the trenches are etched to below 1 pm in 
width to reduce charge diffusion between pixels. Each device in this array 
has its own Nb top contact wiring, which connects to the top Ta layer via a 
Silox isolation film. Each device, therefore, operates as a discrete detector 
with its own signal detection and signal processing chain attached off-chip. 
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Figure I. 10x12 array of individually wired Tantalum STJs. The dense layer of parallel tracks 
running over the top Ta Him are easily seen. In this fabrication technology they 
limit the number of junctions that are easily accommodated in an array, and force 
an illumination strategy that must be through a semi-transparent rear substrate. 



2.2 Matrix Arrays 

Figure 2 shows an alternative approach to the direct readout of individual 
STJs: the so called "matrix readout" array. 




Figure 2. A 6x6 matrix array of Ta STJs. Row connections are made via common base leads, 
and column connections via common top film leads. 

This approach connects the base film of all devices from the same row in 
an array together, and the top films from a given column in another 
connection. Events are then read out using a coincidence technique between 
signals from the two films. This not only reduces the amount of front-end 
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electronics and the thermal problems associated with the large number of 
wires entering the cryostat, but also removes the problems associated with 
dielectrics and contacts obscuring the top film. 

2.3 Distributed Readout Arrays 

The requirement of individual bias and readout of large format arrays of 
1 000s of devices is fraught with difficulty. A possible solution is offered by 
the use of distributed readout imaging devices (DROID) in which photons 
are absorbed in an epitaxial superconducting film such as tantalum, of large 
dimension - the absorber - and the signal charges are detected by STJs 
located at the corners of either a 2D absorber or at the ends of a ID strip of 
absorber (see Fig. 3). By time-coincident event measurements it is possible 
to reconstruct both the absorption position and the energy of the incoming 
photons. Disadvantages of this approach include the relatively low- 
sustainable count rate (dependant on the chosen geometry) per unit area, and 
the sensitivity of the absorber to flux trapping. 




Figure J. Single 100 |im square Ta absorber with distributed readout via. 4 comer STJ 
readouts. 



3. Wavelength Resolving Performance 

Figure 4 illustrates the theoretical limiting energy resolution for a number 
of materials with different band-gap energies. Also indicated is the measured 
resolution from near-lR to UV wavelengths for devices based on Ta. This 
measured resolution approaches the theoretical limit in the UV, whereas the 
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electronic readout noise still dominates in the near-lR. At A-200 nm, the use 
of lower bandgap material like molybdenum and hafnium would allow a 
wavclelength resolution of 2 or 1 nm respectively compared w ith our 
measured value of 7 nm in Ta. However the critical temperature and hence 
operating temperature is similarly lower in these materials 




Photon energy (cV) 



Figure 4. Comparison of theoretically attainable energy resolving power in the wavelength 
range 1200-100 nm for different materials. Over plotted are measured data for a Ta 
STJ. highlighting that at longer wavelengths the resolution starts to be dominated 
by readout noise. 

Measurements concerning DROID devices show that there is an 
additional component relating to spatial non-uniformity. For example, in the 
current development stage the resolution of a single 50 pmx50 pm STJ 
degrades from 7 nm to - 14 m in a 50 pmx400 pm absorber, due to 
degradations in response w hich can be mapped to regions near the Nb base 
contact and the STJs near the comers. 



4. Telescope Observations 

To demonstrate the STJ technology in an astronomical context, a 
prototype camera (S-C'am2) has been taken to the William Herschel 
Telescope, to observe various targets. S-C'am2 is comprised of a 6x6 array of 
Ta STJs each 25 pm square. The focal plane subtended 4x4 arcseconds 
square when located at the f/1 1 Nasmyth- 1 focus. The array was operated at 
a temperature 320 mK, by liquid He cooling. Each junction was read out 
with conventional room temperature charge sensitive amplifiers recording 
signals to code the photon energy, and a time stamp of 5 ps accuracy was 
derived from GPS signals. At a wavelength of 500 nm. the intrinsic Ta 
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resolution of 12 nm was degraded to -60 nm through a combination of 
electronic noise and thermal background radiation. The photons were 
introduced through a "back-illuminated" sapphire substrate, which limited 
the wavelength response to -310-720 nm, with a Qli -60-70%. 

Measurements of the cataclysmic variables HU Aqr and UZ For have 
demonstrated the power of spectrally resolved photon-counting 
investigations that are leveraged with STJ instruments [2]. In HU Aqr the 
technique of eclipse mapping showed that the accretion stream was 
comparable in brightness to the accretion region on the white dwarf itself, 
and that brightness changes in the stream within one orbit indicate an 
unstable magnetic heating. 

Q SO redshift machines are another scientific area in which STJs have 
potential to excel. With a large image array, the energy resolving capabilities 
would allow direct determination of the QSO redshift of every imaged 
source, without recourse to an inefficient dispersive element. A test of the 
technique was made by observations (each -600-1000 sec) of -18 mag 
QSO's, comparing the measured energy spectrum with a single QSO 
template [3]. Redshifts were measured with 1% accuracy, including one 
object that was found to have an erroneous z value in the literature, after 
follow-up to confirm the STJ measurement. 



5. References 



( 1 1 A Peacock, P Verhocve, N Rando el al. 1 996, Nalure vol 381 . p. 1 35. 

(2) C M Bridge. M Cropper. G Ramsay el al. 2002. MNRAS. in press. 

(3) J II J deBruijne. A P Reynolds, M A C Penyman el al, 2002. Asl&Aph 381. L57. 




SILICON-ON-INSULATOR-BASED SINGLE- 
CHIP IMAGE SENSORS 

Low- Voltage Scientific Imaging 



Vyshnavi Suntharalingam, Barry E. Burke, and Michael J. Cooper 

Lincoln Laboratory, Massachusetts Institute of Technology 



Abstract: A tow-voltage l< 3.3 V) imaging technology has been developed to enable 

scientific-grade imagers with law-power complex functions on chip. A 
128x128 CCD imager with on-chip clocking and charge-domain analog-to- 
digital comvrsion. as well as an exploratory active pixel sensor have been 
demonstrated. A 640x960 CCD imager with optimized 12 hit charge-domain 
conversion and an improved active pixel sensor are presently in fabrication. 

Key words: Charge-Coupled Device (CCD), Active Pixel Sensor (APS), Silicon On 

Insulator (SOI), Complementary Meta / Oxide Semiconductor^ MOS ) 



1. Introduction 

In an era where major observatories are envisioning telescopes that are 
three to five times bigger than present-day systems, focal plane requirements 
for power consumption and signal processing come to the forefront of 
instrumentation design. While discrete analog and digital processors for high 
pixel-count focal planes strain instrument mass and power resources to 
impractical limits, modern resolution-enhancement techniques, such as 
adaptive optics, demand even more intelligence from detector systems. 
Integrating advanced processing on the focal plane can relieve the need for 
extensive support hardware, lower the power expended in driving signals off 
chip, and can also bring significant “smarts" to the imager. 

However, a significant hurdle to future system integration is the widening 
divide between the 10-15 V operation of most CCD imagers and the sub-5 V 
requirements of commercially available support electronics. CMOS-based 
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imagers, often referred to as active pixel sensors (APS) [1], have captured a 
significant fraction of the consumer-related market with single-chip sensors 
capable of region of interest windowing, gain and offset correction, A/D 
conversion, noise filtering, and high-speed operation. But their imaging 
performance lags far behind that of the CCDs presently at the core of 
telescope camera and spectrograph systems. CMOS imagers suffer from 
high readout noise, narrow spectral response, and poor quantum efficiency 
resulting from the digital circuit fabrication methods used to produces these 
imaging devices. 

To address future needs for scientific-grade visible imagers we have 
developed an Imaging/Silicon-On-Insulator-CMOS (I/SOI) technology to 
build visible imagers with on-chip processing and operation at less than 3.3 
V. This monolithic silicon-on-insulator-based approach supports analog and 
digital circuitry and offers photosensitive devices optimized for low-noise, 
ultra-high resolution imaging. Our smart CCD- or A PS-based focal planes 
can also be back-illuminated for 100% fill factor and broad spectral 
response. This low-power, monolithic Imaging/SOl-CMOS technology 
offers the unsurpassed performance of CCDs as well as complex CMOS 
circuit functions, for a scalable solution to new scientific needs. 



2. Technology Description 



2.1 Silicon-On-Insulator 

Silicon-on-insulator (SOI) wafers employ a buried silicon dioxide layer 
(BOX) to separate a thin (-50 nm) silicon layer from the mechanical support 
of the bulk silicon wafer. Devices fabricated in SOI benefit from reduced 
parasitic junction capacitances and suppressed short channel effects due to 
the presence of the insulator below the devices [2]. The 50 nm-silicon active 
layer causes CMOS devices in the I/SOI technology to operate in the fully 
depleted (FDSOI) mode, offering further advantages such as reduced 
channel capacitance, enhanced sub-threshold swing, and minimized floating 
body effects. In combination, these factors yield circuits where the energy 
required per computation is lower than for similar circuits implemented in 
bulk technologies. 

Imagers implemented in bulk CMOS employ the p-n junctions formed 
during transistor fabrication to separate and collect the photogenerated 
electron-hole pairs. These active pixel sensors cleverly leverage the 
fabrication technologies standard to digital circuits to achieve detectors with 
sophisticated functions on chip [3]. However, the imaging performance of 
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these sensors is ultimately constrained by the optimization of wafer 
processing steps for digital circuit behavior. The bulk CMOS structure must 
include a moderately doped epi layer for latchup control and well implants 
for CMOS isolation. These implants, engineered for sub-pm transistor 
channel control and high drive current, limit photoconversion efficiency and 
constrain pixel fill factor. 
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Figure I. Schematic cross-section through photodiode pixel (lop) and CCD imager 
( bottom ) for a monolithic structure that combines photodetectors with SOI- 
CMOS circuits. 

Since SOl-based circuit implementations use only a thin layer of silicon, 
the bulk material under the buried oxide becomes available for 
photosensitive devices. Figure 1 shows schematic cross-sections through 
photodiode (top) and CCD/photogate (bottom) implementations in the I/SOI 
process technology. The detector elements are fabricated in the bulk high- 
resistivity wafer and the pixel, clocking, and support functions are fabricated 
in ihe thin SOI. The use of a high-resistivity bulk wafer is essential to 
achieving large depletion depths and thus high Ql*. An early demonstration 
of an APS fabricated with 300 Q-cm wafers in the I/SOI technology 
achieved dramatically improved spectral response to the visible and near 
infrared, compared to a bulk CMOS design [4]. Further, the buried oxide 
isolation between SOI transistors and the photosensitive devices in our I/SOI 
process prevents the signal charge from corruption from the readout 
electronics. 
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For initial development the l/SOI technology was targeted for a 3.3 V 
operating point, to provide sufficient voltage headroom for analog design 
while significantly reducing CCD power consumption. 

3.1 CCD-based Single Chip Imagers 

Figure 2(a) is a photomicrograph of the first CC'D-based single-chip 
imager designed in the Imaging/SOI technology. This chip included a four- 
phase. 128x1 28-pixel CCD imager with on-chip clock generation and 
eharge-to-digital conversion. The 8 pmx8 pm pixel imager demonstrated a 
charge handling capacity in excess of 125.000 e' at 3.3 V [5]. The imager 
operated with clock voltages as low as 1.9 V; Fig. 2(b) is an image of the 
Lexington Minuteman captured with the imager operating at 1.9 V and with 
off-chip A/D conversion. 

C'harge-to-digital (QDC) converters are innately suited to imaging 
applications for they circumvent the chargc-to-voltage conversion required 
when using a conventional ADC by directly converting charge packets non- 
destructive^. This technology also has power and speed advantages over 
other ADC approaches. The QDC used for this proof-of-conccpt 
demonstration was imported from a bulk CMOS 5 V design [6]. and was not 
retargeted for the SOI-bascd technology. Since the design was not optimized 
for 3.3 V. nor for SOI device models, the first pass results had 3-4 bits of 
resolution. 




4 mm 



(a) (h) 

Figure 2. First CCD-based design implemented in Imaging/SOI-CMOS technology, fa) This 
single-chip sensor consists of a 128x128 array of 8 pmx8 pm pixels with on-chip 
clocking and charge-domain A/D conversion, (b) Sample image obtained at 1 .9 V 
with on-chip clocking and off-chip A/D conversion. 
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3.2 Next Generation CCD/CMOS 

The CCD-based single-chip imager presently in fabrication is a 
significantly larger (640x960) pixel array with on-chip clocking and charge- 
domain analog-to-digital conversion. It was designed to operate at 3.3 V 
with 12-effective-bit resolution at 10 MSPS with only 30 mW total power 
consumption. The imager can be operated in full frame (640x960). frame- 
transfer (640x480). or TDI modes, and also has the capability of charge 
binning. The physical extent of the QDC within the chip is similar to that in 
the earlier design, occupying a mere fraction of a square millimeter. A multi- 
port configuration with multiple QDCs for higher bandwidth output would 
not have changed the footprint of the sensor. 

3.3 Active Pixel Sensor 

Each design of the integrated CCD sensor has been accompanied by an 
exploratory APS. The first [4] was found to have superior spectral response 
to a comparable bulk implementation. The second, designed by Lincoln 
(Laboratory) and presently in fabrication, tests pixel layout variations to 
minimize dark current and maximize fill factor. 



4. Noise Considerations 

Output amplifiers on CCD imagers for scientific applications are 
carefully optimized to achieve the lowest possible noise values. A 
fundamental relation governing the noise performance of floating diffusion 
(as w'ell as floating gate) output circuits using a source follower was given 
by Ceten [7]: 



N e = — — — A/' (1) 

where N c is the rms noise electron count, e„(f) is the noise voltage of the 
sense transistor at a frequency f (usually the serial clock frequency), C, is the 
total capacitance at the sense or charge collection node, Af is an effective 
system bandwidth dictated by the downstream video processing, including 
correlated double sampling, and q is the electron charge. Another measure of 
circuit performance is the responsivity, R, or the conversion gain from 
electrons to volts, which is given by: 
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qA 

R= i 

where A is the source-follower gain and C 0 is an effective sense-node 
capacitance. From these expressions one sees that for best noise performance 
the total sense-node capacitance must be minimized, CCD designers thus use 
the smallest possible geometries consistent with the process design rules as 
well as various tricks to minimize parasitic capacitances [8], A small 
capacitance also yields a high responsivity, R, which means that a small 
charge packet is converted to a high sensor output voltage, which aids in 
keeping the signal from contamination by external analog and digital 
sources. 

For the standard Lincoln CCD process, as used for the Chandra sensors, 
the minimum geometries were 2.0 pm, and this resulted in C,~5 fF and 
R- 15-20 pV/e-. Figure 3 illustrates the relative sizes of the standard CCD 
output circuit and the scaled version enabled by the I/SOI technology. The 
latter is included as a test circuit on the imager lot currently in fabrication. 



ReselFET Sense FET 

-A, ^ 




Standard Lncoln tow noise CCD 
output circuit 

( 2 . 0 -pm minimum geometry) 




CCDCMOS output circuit 
(in taDncafconi 

(0.35-pm minimum geometry) 



Figure 3. Comparison in output circuit dimensions for standard Lincoln CCD process and for 
SOI-based CCD. CMOS technology. 

The highly scaled charge-sensing circuit should have substantially lower 
Ct, higher responsivity, R, and potentially even better noise performance 
than the 2 pm-geometry structure. In this layout the CCD channel and reset 
field-effect transistor (FET) are located in the bulk handle wafer, while the 
sense FET is made in the SOI layer. 

The major unknown in estimating improvements in noise performance 
with sub-pm circuits is the noise term e„. In conventional CCD processes the 
thermal and 1 /f noise components in c„ are fairly well characterized, but in 
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S01-CM0S transistors there are new issues to deal with. These include the 
floating-body effect, the kink effect, edge transistors (along the sides of mesa 
isolated devices), and self-heating (due to the excellent thermal insulation of 
the buried oxide) [2]. In addition, a CMOS active pixel sensor must contend 
with additional circuit noise sources such as the access transistor and column 
amplifier noise. 

Yet preliminary noise characterization of SOI-CMOS devices is 
encouraging. Figure 4 compares the extracted noise spectral voltage for our 
conventional CCD buried-channel output amplifier to that extracted from a 
sample FDSOI transistor. Both sets of data exhibit the inverse frequency 
dependence of the noise voltage and the FDSOI transistor data extrapolates 
to a manageable value for typical readout rates of a few MHz. We plan to 
study the noise issues of the SOI transistors using a set of FETs on the 
current imager lot and find a set of design guidelines for low-noise charge- 
sensing circuits that could be used by both CCD and APS sensors. 




FroQiuMiry (Hi) 

Figure 4. Extracted noise spectral voltage for CCD buried-channel output amplifier and fully 
depleted SOI transistor. 

5. Conclusion 

We have developed a low-voltage (< 3.3 V) imaging technology that 
merges SOI-CMOS circuits with scientific imaging devices in a monolithic 
structure. A small (128x128) CCD imager with on-chip clocking and modest 
A/D conversion as well as an exploratory APS have been demonstrated. A 
larger CCD imager (640x960) with charge-domain A/D conversion is in 
fabrication. Noise analysis of SOI-CMOS devices is continuing to with the 
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goal of an optimized charge-sensing circuit with potential sub-electron noise 
applicable to CCDs and APSs. 
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Abstract: A review of large format and scientific CCD detectors recently developed at 

Fairchild Imaging is presented. This includes the CCD4S6. a 4096x4096 
monolithic CCD available for front or backside-illumination, the CCD595. a 
9216x9216 full frame CCD. and the CCD424, a high-speed back-illuminated 
CCD developed for the NASA Deep Impact mission. 

Key words: Charge-Coupled Devices (CCDs), scientific CCD. large format CCD. back- 

illuminated. backside-thinning 



1. Introduction 

A direct descendant of the Fairchild Semiconductor Company, one of the 
first companies to start producing CCD imagers commercially as early as 
1974, Fairchild Imaging's lineage also includes innovative CCD 
manufacturers such as Ford Aerospace and Loral Fairchild Imaging Sensors. 
Fairchild Imaging currently manufactures a growing family of scientific- 
grade, large area monolithic CCD detectors with imaging areas as large as SO 
mmxSO mm for industrial and scientific applications. We also produce a line 
of high-speed linear CCDs and l ime Delay and Integration (TDI) CCDs for 
industrial inspection and earth resource imaging applications. In addition to 
our standard product lines, we have successfully developed a number of 
custom-designed image sensors for space and defense programs. 

In this paper, we will review some of the large format products that were 
recently introduced or revised for enhanced performance. 
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2. CCD Fabrication 

Fairchild Imaging’s modem Charge Coupled Device (CCD) design and 
manufacturing facilities are located in Milpitas, in the heart of Silicon Valley 
in northern California. 

The CCDs are fabricated in our own wafer fab, on 5 in epitaxial silicon 
wafers. Our experience in qualifying second source silicon foundries has 
shown that it is very difficult to yield high quality CCDs using standard 
process recipes that have not been optimized for large area devices. The 
manufacturing of CCDs requires precise control of the quality of the starting 
materials, the appropriate selection of process chemicals, gases, and the 
proper configuration of the process equipment. Each step of the fabrication 
process must be fully optimized to achieve the performance expected of 
scientific grade CCDs. Many of our devices are fabricated using a triple 
poly, single metal process. An oxide-nitride gate dielectric is employed to 
optimize yield and device performance. The dimensions of our large area 
CCDs typically exceed the field of exposure of step-and-repeat 
photolithographic equipment. Therefore, we have chosen to perform the 
photolithographic processes using full-field projection aligners rather than 
relying on step-and-repeat mask aligners. This prevents the inevitable 
misalignment errors associated with stitching techniques, which result in 
visible fixed-pattern noise. Fairchild Imaging's scanning projection aligners 
are equipped with precise automatic alignment capabilities. We have 
developed special data manipulation methods and photomask specifications 
to minimize the nearly undetectable sub-pm e-beam registration errors that 
are normally present in the photomasks. 

Dry plasma etching techniques are used to define the polysilicon gate 
electrodes with exceptional dimensional accuracy, ensuring high response 
uniformity. Plasma etching is also employed in etching contacts and defining 
the metal layers. The use of highly automated w^afer processing equipment 
helps reduce manual handling and minimizes defect density. Particulate 
contamination at every processing step is highly monitored and carefully 
controlled by regular in-process inspections and measurements. The 
Fairchild Imaging fabrication process is optimized for large area imaging 
devices. We have been mass producing 61.4x61.4 mm, 4096(H)x4096(V) 
CCD arrays for more than 6 years, and our wafer fabrication process has 
been refined to the point that w ( e can routinely achieve exceptionally high 
yields on ultra large, 80.6x80.6 mm. 92 16(H)x9216(V) CCD imagers. 
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3. CCD Backside Thinning 

The Quantum Efficiency of a CCD is greatly enhanced if the device is 
thinned and back-illuminated. Quantum Efficiency (QE) is simply the ratio 
of the number of photo-generated electrons sensed by the device and the 
number of incident photons. QE is a function of the light wavelength, and 
backside thinned devices significantly increase QE — especially at the shorter 
wavelengths — because the loss due to absorption and reflection in the 
polysilicon gate electrodes is effectively eliminated. In the near infrared, the 
QE of a backside thinned device is comparable to a frontside-illuminated 
device of comparable epitaxial silicon thickness. Figure 1 compares the QE 
of the CCD486 when back-illuminated and front-illuminated. Since a bare 
silicon surface reflects almost 30% of the incident light, QE is further 
enhanced by the application of special antireflection coatings over the active 
area. Fairchild Imaging back-illuminated CCDs are available with either a 
blue-enhanced or broadband AR coating, which are tailored to optimize the 
QE of these devices in the selected spectral band. 



CCD486 Quantum Efficiency 




Figure I. CCD486 Quantum Efficiency. 



The Fairchild Imaging CCD backside thinning process is based on highly 
selective chemical etching techniques, which result in a thinned surface with 
low defect density, providing accurate control of the final thickness. The 
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large difference in etch rates between the heavily doped p-type substrate and 
the epitaxial silicon layer allows us precise control over the final thickness of 
the active area to within a few microns from its original thickness. Our 
process also allows us to perform selective ‘window thinning’, which is 
particularly well suited for back-illuminated frame transfer devices. Using 
this technique only the active imaging area is thinned, while thick silicon is 
left intact under the storage sections. Our process yields a uniform. Hat 
active area by providing a Hat, rigid epoxy supporting layer under the 
thinned regions. 

Fairchild Imaging performs the CCD backside thinning process in-house. 
The process is carried out in a dedicated semiconductor wafer fabrication 
clean room area by qualified technical staff to ensure exacting control of the 
key process parameters, which is necessary to achieve reliable and consistent 
yields. The CCD thinning operation is set up for high volume production. In 
addition to the CCD424, a 1024x1024 frame transfer CCD with 21 pm 
pixels, Fairchild Imaging's current backside thinned products include the 
CCD447, a 2048x2048 full frame CCD with 15 pm pixels, and the CCD486, 
a 4096x4096 full frame CCD with 15 pm pixels. 

A key component of the Fairchild Imaging thinning process is the special 
backside treatment to accumulate the back surface. Without the treatment, 
the potential well that exists at the back surface of the device immediately 
after thinning will prevent photo-generated electrons from reaching the 
frontside of the device, and result in poor quantum efficiency. Our backside 
treatment forms a layer of negatively charged ions on a thin, thermally 
grown oxide layer by chemisorption to induce the underlying silicon surface 
into accumulation. This condition yields the desired potential profile to drive 
the photogenerated charge to the CCD collecting wells at the frontside of the 
devices. It is important to note that our approach does not require the use of 
ion implantation and laser annealing which cause the well-known "brick 
wall" pattern in captured images. 

The Fairchild Imaging thinning process is performed at the die level, 
which tends to improve the consistency from die to die since every device 
can be processed under the same exacting conditions. After complete 
electrical characterization, the product wafers are lapped and polished to a 
designated thickness with tight uniformity tolerance across the entire wafer. 
The wafer thickness is judiciously determined to ensure that sub-surface 
lattice damage from the lapping process docs not extend near the CCD 
epitaxial layer. The wafers are subsequently diced into individual CCDs and 
special gold interconnects are formed in the bonding pad openings. 

The CCD is then bonded to a substrate carrier that contains matching 
bonding pads. A low-outgassing epoxy with compatible thermal and 
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mechanical properties is used to fill the space between the CCD and the 
substrate and reinforce the bond between the CCD and the substrate carrier. 

A selective chemical etching process is used to thin the device to the final 
desired thickness. A method of over-thinning (etching into the epitaxial 
layer) is also performed to reduce the field-free region in the device and 
improve its MTF characteristics. 

Immediately following chemical etching, the recombination velocity and 
surface state density at the silicon surface are extremely large, primarily due 
to the abrupt termination of the silicon lattice. This results in a high density 
of dangling bonds. These conditions lead to extremely poor QE and 
excessively high dark current. A low temperature oxidation process is 
performed to tie up the dangling bonds and restore the surface integrity. 

An antireflection coating is then deposited to optimize the device QE 
response. A single layer is used to peak the response in the UV, while a 2 
layer coating is used if a broadband response is desired. After AR coating, 
the device is complete and ready to be packaged for final test. 

Fairchild Imaging’s CCD thinning is performed in a class 100 cleanroom 
environment. This level of cleanliness is extremely important to achieve near 
defect-free devices and maintain a consistent yield. 



4. Large Format CCD Image Sensors 



4.1 CCD486 

The CCD486 is a 4096x4096 full frame CCD with 15 pm sq. pixels, 
tailored especially for low noise scientific applications. The device, still in 
its early development stages at the 1999 ESO CCD Workshop, has since 
evolved into a mature product in full volume production. The active area is 
61.44 mm by 61.44 mm. The device has four low noise output amplifiers, 
and is designed to operate in Multi-Pinned Phase (MPP) mode. The full well 
capacity in MPP has been optimized, making the device particularly well 
suited for applications requiring high dynamic range (86 dB). The CCD486 
is available in two configurations: conventional frontside illuminated and 
back-illuminated for optimal quantum efficiency. The CCD486 is the largest 
commercially available 4096(H)x4096(V) monolithic, back-illuminated 
CCD currently in production. 




4.1.1 CCD486 Device Architecture 



The CCD486 is a three-phase CCD fabricated with a triple-poly, single 
metal, n-buried channel process. The imaging area is electrically divided into 
four quadrants. There are two horizontal readout registers located at the top 
and the bottom of the imaging area. All of the bonding pads are placed along 
these two sides of the device, thus the device is edge-buttablc at the other 
two sides. The three-phase serial shift registers are evenly split so that the 
image frame can be read out simultaneously from the four single stage 
output amplifiers. Figure 2 shows the architecture of the CCD486. 
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Figure 2. CCD486 architecture. 



4.1.2 CCD486 Device Characteristics 



The CCD486 (see Fig. 3) is equipped with four low noise output 
amplifiers capable of less than 4 e noise floor at relatively low readout 
speeds, and less than 1 1 e readout noise at the maximum data rate of 4 
million pix/scc, reading out of all four ports. 

Charge Transfer Efficiency (CTE) is typically better than 0.999998 in 
both the vertical and horizontal shift registers. The device features special 
notch sub-channels for improved radiation tolerance at low signal levels. 

Vertical full well has been optimized to yield 100.000 e in MPP. Full 
well is determined from photon transfer curves. 

In MPP mode, the dark current is typically less than 0.02 e'/pix/sec at - 
60°C. 
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Figure 3. CCD486 on 125mm wafer. 



4.1.3 CCD486 Packaging 

The CCD486 is completed in a number of different packages: 

• Frontside illuminated CCD in Kovar tub package. 

• Frontside illuminated CCD in ceramic PGA package. 

• Baekside illuminated CCD in Kovar tub package (see Fig. 4). 

• Baekside illuminated CCD on Invar substrate (see Fig. 5). 

• Backside illuminated CCD in ceramic PGA package (see Fig. 6). 




Figure 4. Backside-illuminated CCD486 in Kovar tub package. 



Figure 5. Backside illuminated CCD486 in Kovat tub package. 




Figure 6. Backside-illuminated CCD4S6 in a ceramic PGA package. 



4.2 CCD595 

The CCD595 (see Fig. 7) was originally designed as a replacement for 
conventional film in airborne reconnaissance cameras. This application 
requires image sensors with high resolution and large field of view. There 
are clear benefits in using electronic image sensors to form electronic 
imagery and allow rapid access to information and the ability to distribute 
the data in real time to multiple observers. However, to date, few CCD 
manufacturers, other than Fairchild Imaging, have been able to demonstrate 
the ability to fabricate monolithic high resolution detector arrays of 
sufficient dimensions to compete with reconnaissance film. 

4.2.1 CCD595 Device Architecture 

The CCD595 is a 9216(H)x9216(V) full frame CCD image sensor with 
8.75x8.75 pm sq. pix. The monolithic imaging area, 80.64x80.64 mm, is 
split into four vertical three-phase shift registers (each section is 2,304 pixel 
wide) which are connected at each end (top and bottom) with separate two- 
phase serial shift registers. A high speed output amplifier is attached to each 
serial register for a total of eight output ports. The 3 stage source follower 
amplifiers operate nominally at 25 MHz, yielding a data rate of 100 million 
pix/sec/side, using 4 outputs. The amplifiers can be clocked at up to 40 
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MHz. The vertical shift registers are clocked at 1 1 kHz, thus taking less than 
a second to read out an entire frame. The data throughput can be doubled by 
operating all eight outputs. The CCD is driven by 16 groups of 3 phase 
vertical clocks which are separately pinned out to effectively reduce the 
capacitive loading, and minimize the RC time constant. Figure 8 shows the 2 
phase serial register of the CCD595. 




Fivure 7. CCD595 on 125 mm wafer. 
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Figure 8. 2 Phase Serial Registers of the CCD595. 
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4.2.2 CCD595 Device Characteristics 

The CCD595 characteristics arc summarized in Table 1. 



Table I. CCD595 characteristics. 



Parameter 


Measured Results 


Frame 


81 mmxl8 mm 


Image 


9216x9216 


Pixel 


8.75x8.75 jim 


Architecture 


Full Frame 


Number of Outputs 


8 


Output Type 


3 Stage Buried Channel 


Integration Time 


0.5 ms to 10.0 ms 


Frame Rate 


1 frame/sec 


Pixel Full Well 


>1 00.000 e* 


Vertical CTE 


>0.999999 


Horizontal CTE 


>0.999995 


Dark Currentnon-MPP 


<70 pA/cm 2 


Pixel Readout Rate 


>40 MHz 


Readout Noise @ 25 MHz 


<25 e‘ mis 


Conversion Gain 


>9 pV/e' 


Operating Temperature 


<-70 °C 


PRNU 


<5% Vsat 


DSNU 


< 1 mV rms 


Quantum Efficiency 


>30% -(0.55nm-0.8nm) 


MTF @ Nyquist 


>50% 


Vertical Transfer Time 


<92 jisec 


Array Transfer Gate Time 


<10 p sec 



4.3 CCD424 

The CCD424 (see Fig. 9) is a backside thinned split frame transfer CCD 
developed for the Deep Impact NASA mission scheduled to be launched in 
2004 to study the internal composition of a comet for the First time. The 
CCD424 are the visible detectors on the High Resolution Instrument (HRI) 
and Medium Resolution Instrument (MR1) in the Flyby spacecraft. They are 
used to collect data for navigational purposes and to acquire scientific data 
following impact with the comet. The CCD424 is also used on the Impactor 
for guidance and for the collection of scientific information until the moment 
of impact. 

Fairchild Imaging developed the image sensors in support of Ball 
Aerospace, the prime contractor for the instruments and the flight hardware. 
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Figure 9. The CCD424 Deep Impact CCD in flight package. 



4.3.1 CCD424 Device Architecture 

The imaging area of the three-phase CCD is 1024(H)xl024(V), and the 
storage sections are each 1024(H)x512(V). The pixel size is 21 pm sq. There 
are four output amplifiers, one at eaeh end of the two serial shift registers. 
The serial registers are connected to gated fast dump drains for high speed 
flushing of charge in the serial registers. The polysilicon gates in the vertical 
registers and the channel stops are strapped to metal bus lines to 
accommodate high speed transport of the signal charge between the imaging 
area and the storage regions. The imaging area was selectively thinned, 
while doped bulk silicon was retained in the storage regions to improve 
grounding and permit high speed operation. Figure 10 shows the architecture 
of the CCD424. 
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Figure 10. CCD424 device architecture. 





4.3.2 CCD424 Device Characlerislics 



The CCD424 supports vertical transport frequency of 225 kHz for 
minimal image smear. The device was designed to operate in non-MPP 
mode to achieve better than 500.000 e full well charge capacity. Dark 
current is suppressed by cooling the device to -100 °C and operating the 
CCD in partial inversion using a special clock timing sequence which dithers 
the charge between phase 1 and phase 2, while phase 3 is kept in inversion to 
confine the charge. This technique lowers the dark current by 5 to 10 times. 
Peak QE measured 94% at 600 nm. Typical vertical CTE is 0.999999 and 
horizontal CTE is 0.999995. 



5. Future Developments 

Fairchild Imaging plans to continue to develop w'afcr-scale image sensors 
with unique capabilities. A number of new' products are currently under 
development, with emphasis on improved sensitivity, low'er noise, higher 
speed, and even larger active areas. 
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Abstract: Detector performance has been characterised for the l/ST WFC5 JR channel. 

This will be the first TEC cooled IR instrument on the Hubble Space Telescope 
(IIST). which is made possible because of recent progress in HgCdTe 
technolog}'. The original detector requirements are compared with the 
performance of the delivered devices. Achievements in quantum efficiency and 
dark current are described, as well as difficulties in meeting requirements for 
noise and dark stability. A special technique developed to illuminate a single 
pixel, which has demonstrated the excellent spatial resolution of the detectors 
is described. 

Key words: Hubble Space Telescope HIST}. Wide Field Camera 3 (WFC3), HgCdTe. 

Infrared (IR). focal plane, multiplexer. Quantum Efficiency <QE }. noise, dark current 



I. Introduction 

The HST Wide Field Camera 3 (WFC3) is a new instrument planned for 
deployment during Servicing Mission 4 in 2004. One of its key scientific 
goals is to provide panchromatic coverage from the near-UV through the 
near-IR. This is accomplished using two detector technologies: Marconi 
Applied Technologies back-thinned CCDs and Rockwell Scientific (RSC) 
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Mercury-Cadmium- Telluridc (HgCdTe) IK focal planes. The instrument has 
separate channels for the ncar-UV/visible and near-lR parts of the spectrum. 
The key features of the IK channel arc listed in Table 1. 



Table I. WFC3 Instrument Performance. 





1R Channel 


CCD Channel 


Units 


Spectral Coverage 


0.85 to 1.7 


0.2 lo 1.0 


pm 


Field of View 


135x135 


160x160 


arcscc 


Format 


1024x1024 


2x( 2048x4096) 




Pixel Size 


18 x 18 


15x15 


pm 


Operalini; temperature 


150 K 


-83 °C 





The performance of Marconi devices is exceptionally good, and will 
provide a new wide-field, near-UV capability for the observatory. These 
detectors are designed for space application and are radiation hardened. 

The WFC3 1R channel has been made possible by recent advancements 
in HgCdTe technology and the flexibility offered by this material to trade off 
between spectral coverage and dark current. Devices processed with 
molecular beam epitaxy (MBF) offer dark current low enough to build a 1R 
instrument based on thermoelectric cooling (TEC) with background limited 
performance. 

The 1R channel has a spectral range of 0.85 pm to 1.7 pm. In this range 
the zodiacal background seen by the instrument amounts to 0.4 e'/sec/pix. In 
order to be background limited, we have required that the instrumental 
contribution to the background be less than 0.4 e'/sec/pix, of which 0.2 e 
/scc/pix has been allotted to detector dark current. Present thermoelectric 
coolers cannot achieve temperatures much lower than 150 K, hence this 
temperature was chosen as an operating point. A special, six stage TEC was 
developed and careful thermal shielding applied to implement this design. 

The VVFC3 detectors are a continuation of the Hawaii series of RSC 
products and they benefit from that experience. A new multiplexer has been 
designed for WFC3 to cope with the shortcomings of previous designs. For 
the first time (with 1R detectors) this multiplexer has implemented reference 
pixels to track baseline drifts and to reduce any 1/f noise component. In 
addition, the multiplexer readout scheme has been modified to improve 
image uniformity and a number of design modifications were introduced to 
minimize the glow of the readout electronics. Another new feature in the 
multiplexer design is the presence of four temperature sensors. Placed close 
to the top of the multiplexer, they provide very accurate measurements of the 
array temperature. Figure 1 describes the detector layout, multiplexer 
readout and location of the reference pixels (rows and columns indicated). 
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Figure!. WFC3 multiplexer organization. Reference pixels and readout direction. 



Table 2 summarizes the detector performance requirements. Quantum 
efficiency (Qli), read noise and dark current are the most important of these 
and are discussed in more detail below. 



Table 2. 1R Detector Requirements. 



Spectral Range 


0.S5 to 1.7 


pm 


Format 


1024x1024 




Pixel Size 


18 x 18 


pm 


Dark Current 


<0.2 


eVsec/pix 


Quantum Efficiency 


>0.6 


e'/photon 


Read Noise 


< 15 


e‘ rms per read at 100 kHz 


Full Well 


> 70.000 


e' 


Operability 


>97 


% 


Operation Temperature 


150 K 
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2. IR Detector Performance 



2.1 Quantum Efficiency 

Preliminary QE results obtained from the earliest fabricated detectors 
indicated that significant improvements were needed in order to meet 
expectations. The QE was good at the long wavelength peak but it 
deteriorated quickly toward shorter wavelengths, possibly due to absorption 
in the back surface layers. The long wavelength cutoff was well defined and 
met the design goal within an accuracy of a few nanometers. However, 
overall the initial QE results were not satisfactory, and subsequent flight 
devices showed a significant improvement. 

Figure 2 compares the QE for an engineering sample device fabricated at 
the beginning of the project with that of a later flight-grade device and 
demonstrates impressive progress in material processing at RSC. 




Figure 2. Comparison of QE between engineering and flight detectors (4 quadrants per 

device). 



2.2 Dark current 

Low defect density and better process control made possible with MBE 
resulted in a significant reduction in dark current compared to earlier PACE 
detectors. Some of the VVFC3 detectors exhibit a dark current as low as 0.02 
c'/sec/pix and the requirement for dark current specification (0.2 e'/sec/pix) 
has easily been met in almost all manufactured arrays. However, some of the 
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detectors show an abnormal dark current behavior. The dark current in these 
devices responds to perturbations of the diode biasing voltage. This may 
occur due to a change of operating condition, power-down and power-up of 
the instrument, or due to illumination of the pixel (as a charge accumulates 
on the diode capacitance, bias voltage changes). As a result, the dark current 
may temporarily increase (or even change direction) and will eventually 
return to its original value in up to a few hours (this effect is often called 
persistence). The physics of dark current instability is not well understood. 
Finally, it should be noted that only some devices show this behavior, and 
therefore it does not appear to be a fundamental characteristic of this 
material. 

Figure 3 illustrates the use of reference pixels to correct dark current 
measurements for systematic multiplexer effects. 




Figure 3. Dark current with and without reference pixel correction. 



2.3 Noise 

The detector read noise can be separated into two components: 
multiplexer noise and HgCdTe diode noise. The multiplexer noise has been 
measured using the reference pixels and by application of a permanent reset 
voltage to the input of the unit cell transistor for the length of readout. These 
measurements consistently yield a multiplexer read noise of 9 e rms 
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measured as a standard deviation of the difference of two frames (Correlated 
Double Sample (CDS) pair). The noise of the diode is significantly higher 
and at this point the detector does not meet the read noise requirement. The 
measured noise is in the range of 30 e to 45 c'/CDS pair and its value varies 
from device to device. A Fourier transform of single pixel readout data 
indicates that the noise has a significant 1/f component. However, the data is 
not fully conclusive due to glow associated with continuous sampling of the 
same pixel. When measured as in the expected instrumental application, the 
noise increases with exposure time, providing yet another indication of a l/f 
component. It is possible that the increase in noise and its l/f character are 
driven by the presence of surface states. 

2.4 Glow 

The WFC3 IR detector operates with an external amplifier to minimize 
glow and thermal load to the focal plane. In this configuration, no glow has 
been observed. During continuous readout of a single pixel, glow has been 
observed, probably caused by the unit cell electronics. From that experiment, 
the unit cell glow was estimated as less than 0.0002 e/read (for a 10 ps 
readout time per pixel). 

2.5 Spatial Resolution 

Preliminary measurements have been made of the uniformity of a single 
pixel response of the WFC3 detectors. In order to do this, a special test 
setup was established as illustrated in Fig. 4. 




Figure 4. Test setup for single pixel illumination 
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The output from a monochromator is coupled to a single mode fiber. The 
optical signal is delivered through a vacuum tight optical connector to an 
illuminator positioned on a three-stage translator. The illuminator is placed 
in front of the focal plane and focuses the output of the fiber on the detector 
with a spot diameter less than 10 pm (measured as l/(e') 2 at 1310 nm). It is 
expected that for an 18x18 pm pixel size, most of the energy would be 
contained within a single pixel. The input beam was stepped in both the 
vertical and horizontal directions and the signal distribution recorded at each 
step. 

Figure 5 shows the case where the beam was centered on a single pixel. 
The response of this pixel and its immediate neighbors is shown as a line 
plot. It confirms that essentially the entire beam energy is contained in this 
pixel and no crosstalk to other pixels takes place. This demonstrates that the 
device spatial resolution is determined by pixel size and is not degraded by 
inter-pixel crosstalk. 




Figure S. Detector response to single pixel illumination - line plots of the row containing the 
illuminated pixel, the row before, and the row after demonstrate the detector 
response to single pixel illumination. 
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3. Conclusions 

Rapid progress in HgC'dTe detector technology will permit a great 
improvement in HST's near-IR capabilities with the WFC’3 instrument. The 
unique flexibility of this material makes it possible to trade long wavelength 
cutoff for lower dark current and opens the road for TEC based IR 
instruments. Implementation of reference pixels in a new multiplexer 
minimizes sensitivity to baseline drifts and other instabilities of the 
processing electronics. The foeal plane design demonstrates excellent spatial 
resolution, as specified by the array format. The WFC3 detectors offer 
baekground limited IR performance with a convenient cooling system 
(eliminating the need for cryogens) and economieal packaging. 
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Abstract: This paper reports on an on-going research programme at the Rutherford 

Appleton Laboratory (RAL) to develop science-grade CMOS Active Pixel 
Sensors for space science missions in which compactness, low-mass, low- 
power. and greater radiation tolerance are advantageous. 

Key words: Complementary' Metal-Oxide Semiconductor (CMOS). Active Pixel Sensor 

(APS), detector, space science, solar orbit er. Earth observation. 



1. Introduction 

The CCD is currently the image sensor of choice for nearly all space 
science, Farth remote sensing and ground-based astronomical visible light 
imaging systems. However, in the space environment CCD technology also 
has inherent weaknesses: 

1. The requirements of compact, low mass, low power, and space-qualified 
CCD drive and video signal processing electronics. 

2. The susceptibility of both the CCD and drive electronics to radiation 
damage. 
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The emergence of CMOS Active Pixel Sensors (APS) promises solutions 
to these issues, and is arguably the most important development in solid- 
state imaging technology since the invention of the CCD in 1969. 

Although still in its infancy, and so far targeting the cost-sensitive 
commercial camera markets, APS technology is already promising 
significant advantages over CCDs for many space science applications. APS 
detectors are fabricated on low voltage CMOS processes that allow all 
necessary drive electronics to be incorporated on-chip, thus offering 
significant advantages in functional integration, readout speed, compactness, 
mass and power consumption [1-6]. 

However, one of the most important advantages is arguably the promise 
of higher radiation tolerance in the space environment. Although application 
and orbit dependent, the susceptibility of CCDs to radiation damage, and in 
particular the loss of charge transfer efficiency (CTE) is well known and 
reported [7-9], Degradation of CTE is avoided in APS because the signal 
charge collected within a pixel is sensed within the pixel. 

In this paper, we address our development of science-grade CMOS APS 
technology as an alternative to the CCD for space applications. 



2. RAL Science-Grade APS Development 

Our programme to develop science-grade APS technology began in 1999. 
Milestones of the programme over the intervening years are listed in Table 1. 

Table I. RAL Science-grade APS Development Programme 

1999 Design and modeling of pixel test structures (in 0.5 and 0.7 pm CMOS). 

2000 Fabrication and testing of pixel test structures. 

Collaboration established with E2V (formerly Marconi Applied Technologies and 
EEV) to exchange designs, expertise, packaging, testing, and back-thinning 
technology. 

Design of a 512x512 pixel sensor with on-chip ADC (in 0.5 pm CMOS) as a 
replacement for the CCD in a wide-field star tracker. 

200 1 Fabrication of the 512x512 pixel sensor. 

Collaboration extended to the University of Birmingham to participate in the test 
programme. 

Thinning of original pixel test structures by E2V to develop CMOS thinning 
technology. 

Planning for future designs in 0.25 pm CMOS. 

2002 Design of a 4Kx3K pixel sensor in 0.25 pm CMOS for ESA's Solar Orbiler. 

Design of a 4K pixel linear array with 3 pm pixels for Earth observation. 

Thinning of sample 5 12x 5 12 pixel sensors by E2V. 
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Our major achievements have been the design, fabrication, and testing of 
various pixel test structures, and a prototype 512x512 pixel image sensor 
with integral on-chip readout control circuitry and a 10-bit analogue-to- 
digital converter. 

We have also formed a collaboration with E2V (formerly Marconi 
Applied Technologies and EEV). The scope of the collaboration includes an 
exchange of designs, expertise, and assistance with chip packaging and 
testing; and most importantly the development of CMOS thinning 
technology to allow backside illumination. The Astrophysics and Space 
Research Group at the University of Birmingham has also joined us to 
participate in the test programme. 



3. Test Structures 

The first steps in our development programme were to design a series of 
test structures to evaluate the relative performance of varying pixel designs. 
We designed four pixel types, illustrated in Fig. 1, each with 25 pm x 25 pm 
pixel pitch, and each in both 0.5 and 0.7 pm CMOS technology: 

1 . N-type diffusion on a p-type substrate (ndps pixel). 

2. P-type diffusion in an n-type well on a p-type substrate (pdnwps pixel). 

3. Polysilicon photogate over an n-type well on a p-type substrate. 

4. Quadradot: four small interconnected n-type wells on a 12.5 pm pitch, 
on a p-type substrate. 
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Figure I. Four pixel test structures 



The four pixel types were each expanded to arrays of 16x16 pixels, all 
driven from a common digital control bus. Photographs of the test structure 
array and a packaged chip are reproduced in Fig. 2. 
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The first two pixel types are arguably the most classical form of APS 
pixel design, consisting of a photodiode and a 3-transistor readout circuit. 
They differ in the nature of their photodiode construction and polarity. Both 
photodiodes are designed to be as large as possible to maximise fill-factor 
(/.<?., the proportion of the pixel sensitive to light), achieving - 50 % within 
the 25 pm pixel. Large photodiodes have high capacitance and thus high 
charge capacity, but the disadvantage of low charge-to-voltage conversion 
sensitivity. 



oiiimia 




Figure 2. Pixel test-structure array and packaged chip 

The photogate pixel follows the CCD eoncept, consisting of a polysilicon 
electrode overlying an n-type well on a p-type substrate. Applying a bias to 
the photogate induces a depletion region for collecting charge. A fourth 
transistor is added to the normal 3-transistor readout circuit to provide a 
transfer-gate, and thus a means of applying correlated double sampling 
(CDS) during the readout to cancel kTC noise. The node capacitance after 
the transfer-gate dictates the charge-to-voltage conversion sensitivity and 
can thus be minimised to ensure high gain and low readout noise. The 
advantages of high sensitivity and low noise are to some extent offset by 
lower fill-factor due to the fourth transistor. 

The Quadradot pixel consists of four small interconnected n-wcll 
photodiodes spaced within the pixel on a 12.5 pm pitch, and a 3-transistor 
readout circuit. The four diodes collect charge created anywhere within the 
epitaxial layer and so the effective fill-factor is close to a theoretical 
maximum, in principle limited only by the overlying shielding of the readout 
transistors and aluminium tracks. A similar design has also been described in 
[10]. The spacing of the four diodes is intended to maximise the modulation 
transfer function (or resolution) of the sensor by trying to enhance the 
probability that charge created beneath a particular pixel is then collected by 
one of its four diodes. 

Even before the completion of the detailed design work, we identified the 
Quadradot pixel as the most promising for our next objective of developing a 
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512x512 pixel image sensor. Results for the Quadradot pixel are listed in 
Table 2. The spectral response as measured by R Bell (E2V) is shown in Fig. 



3 . 



Table 2. Quadradot pixel test results 



QE 


35% peak (absolute) 


Noise 


< 50 e' ms 


Node capacitance 


18 IT 


Overall responsivity 


8.9 |iV/e' 


Peak output signal 


1 V (167 Ke> 


Dark signal 


140 mV/sec (0.6 nA'sq cm) at room temperature 


Fixed pattern noise 


10 mV peak-to-peak 



The peak QH is 35%. Readout noise is dominated by the kTC noise in the 
photodiode reset. Overall, the results are in close agreement with the 
characteristics predicted by our simulation and modelling. 




Figure 3. Spectra response from the Quadradot pixel test structure 



4. 512x512 PIXEL PROTOTYPE SENSORS 

Encouraged by the results from our pixel test-structures, we undertook 
the development of a 512x512 pixel image sensor [II] with an integral 
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analogue-to-digital converter ( ADC). The sensor was originally conceived as 
a replacement for the CCD detector within a wide-field star tracker for 
satellite attitude reconstruction and navigation. Design specifications are 
listed in Table 3. 



Table 3. 512x5 12 pixel slat tracker APS 



Array formal 


512x512 active pixels 


Pixel size 


25 pmx25 pm 


Pixel type 


Quadradot: four interconnected n-type photodiodes on a 12.5 pm 
pitch, on a p-type substrate. 


Well capacity 


200 Ke 


Readoul noise 


< 50 e‘ rms 


Frame rate 


1 0 frames/sec 


On-chip ADC 


10-bil column-parallel 


Gain adjust 


Programmable: 1, 2. 4. X 


Oulputs 


1 V analogue and 10-bit digital 


Control interface 


l2C serial bus 


Technology 


0.5 pm CMOS 


Operating voltage 


3.3 V 


Radiation protection 


triple-voting logic 



The sensor consists of 512x512 Quadradot pixels with 25 pm pixel pitch. 
Each pixel incorporates the four photodiodes and three transistors for charge 
sensing, reset, and pixel selection. The diode capacitance is — 18 fF giving a 
charge to voltage conversion of - 8.9 pV/e'. Readout noise of - 50 e' rms is 
dominated by the kTC noise from the photodiode reset. 

The chip includes all necessary readout control logic and an integral 10- 
bit ADC, delivering an overall frame rate of 10 frames/sec. The control logic 
is designed with triple-voting registers to enhance toleranee to single-event- 
upsets (SEUs) from radiation within the space environment. 

The ADC is implemented in a column-parallel architecture (i.e., there is 
effectively one ADC per eolumn). Video gain can be set to 1,2, 4, or 8. 
Analogue bias supplies are generated on-ehip, and programmed via a serial 
interface conforming to the Philips I'C protocol. 

The chip is implemented in a 0.5 pm CMOS process. It is powered from 
a 3.3 V supply and dissipates less than 300 mW. The overall die size is 16.7 
mmx!9.9 mm including the associated readout and ADC circuitry. Figure 4 
shows a 6-ineh w'afer containing 29 sensors and an individual die after being 
eut from the wafer. One of our first test images is reproduced in Fig. 5. 
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Figure 4. 6-inch wafer of 5 1 2x5 12 pixel sensors and an individual die. 




Figure 5. 512x512 pixel APS test image obtained at 10 Hz frame rate. 
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5. Current Programme 

For our new sensors we are switching to a 0.25 pm CMOS technology 
that will allow us to design smaller pixels and thus larger format arrays, and 
which promises even better radiation tolerance than the 0.7 and 0.5 pin 
processes. 

The main features of our current programme are listed below: 

1. Design of a 4Kx3K pixel sensor with 5 pm pixels, primarily for future 
solar physics missions. 

2. Design of a 4K pixel linear sensor with 3 pm pixels for future high- 
resolution Earth observation cameras. 

3. Further testing of our 512x512 pixel sensor, and in particular of samples 
that have been thinned by E2V. 

4. Development of techniques to enhance sensitivity in the extreme ultra- 
violet (EUV) band, again primarily intended for solar physics missions. 

With our 4Kx3K pixel sensor, we are aiming to design a large-format 
science-grade APS, primarily for future solar physics missions. Our 
objectives are to minimise readout noise, and to maximise linearity and 
dynamic range with a target of 12 to 14-bits precision. To minimise the 
readout noise, w'e have added a fourth transistor to the basic 3-transistor 
pixel design as show n in Fig. 6. The fourth transistor provides a transfer-gate 
that isolates the output capacitance from the photodiode. CDS can be used to 
eliminate the kTC noise imposed on the output after reset, leaving the 
transistor noise w'hich our modelling predicts to be - 10 e rms. 





Figure 6. Common 3-transistor pixel and the new 4-transistor pixel 



A block diagram of the 4Kx3K pixel APS is shown in Fig. 7. The pixel 
size is 5 pm, giving an array of 20.5 mmxl5.4 mm. The readout circuitry 
employs a minimum of output multiplexer stages to maintain maximum 
signal-to-noisc, and provides a single differential analogue video output. The 




CMOS Active Pixel Sensor Developments... 



191 



chip is to be manufactured on a 0.25 pm CMOS process that is specifically 
adapted for image sensors. 

The 4Kx3K sensor is a first step towards the development of a 4Kx4K 
pixel APS for future solar physics missions, and in particular a spectrograph 
on ESA's Solar Orbiter [12]. In order to cope with the particle environment, 
with the bright solar sources, and to keep mass and power to a minimum, 
CMOS APS detectors rather than CCDs are proposed for many of the 
instruments on Solar Orbiter. Smaller pixels will also allow the design of 
shorter camera optics, and thus more compact and lower mass instruments. 

In solar physics, imaging and spectroscopy in the EUV band are key to 
the study of chemical element abundances, temperature profiles, and activity 
in the solar corona and transition region. E2V have developed thinned CCDs 
with very respectable EUV sensitivity, and our hope is to transfer this 
technology to our APS programme. The first steps have been for E2V to thin 
samples of the 512x512 pixel arrays, and these are to undergo testing 
imminently. A key issue is the thickness of the epitaxial layer in the silicon. 
This is only 3 pm in the case of our 512x512 pixel sensors, and too shallow 
to allow optimal thinning. In contrast, the 0.25 pm process for our 
forthcoming 4Kx3K pixel sensors starts with 8 pm epitaxial silicon and is 
thus a more practical proposition for optimal back-thinning. 




Figure 7. 4Kx3K pixel APS and 4K pixel linear APS block diagrams 



The second sensor in our current development programme is a 4K pixel 
linear array intended for high-resolution push-broom Earth observation 
(HO). 
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An underlying objective of the high-resolution EO industry is to deliver 
more competitively priced images, with higher re-visit frequency achieved 
through the deployment of satellite constellations rather than single units. 
Systems offering 1 m/pix ground-sampling already exist, and sub-metre 
pixel resolution is the next major challenge. 

However, high-resolution cameras of this class are necessarily large and 
require appropriately sized spacecraft vehicles; both aspects incurring 
exceptionally high unit-cost. Ground resolution is ultimately governed by 
simple geometry relating detector pixel size, orbit altitude and the focal 
length of the camera optics. Accepting the physical constraints of low- 
altitude orbits (i.e., orbit decay and hence reduced mission lifetime), the 
most practical solution to shortening the camera optics, and hence reducing 
the instrument size and cost, is to reduce the detector pixel size. 

Push-broom EO cameras currently employ one or more linear CCD 
arrays that are read out as the satellite tracks over the Earth's surface to build 
up a two-dimensional image. It follows that the better the ground resolution 
required, the less time there is available for the array readout which makes 
up each line of the final image. 

The smallest pixel size and maximum readout rate of current commercial 
CCD technology compromises progress towards smaller EO cameras. 
However, APS technology promises both smaller pixels and higher readout 
rates. We are therefore looking to CMOS for our future EO cameras, and 
developing a prototype sensor [13]. 

A block diagram of the array is included in Fig. 7. The prototype will 
have 4K pixels with 3 pm pitch. Like many linear CCD arrays, the readout 
circuitry for odd and even pixels is placed on either side of the photodiodes. 
The benefit of this layout is that it increases the pitch of the readout 
electronics to tw ice that of the pixels. 

An advantage of a linear array is that the pixel readout electronics can be 
located outside the pixel so that the majority of the 3x3 pm pixel site can be 
occupied by the photodiode. Each pixel has its own reset transistor, and 
charge sensing and buffering circuitry. Signals from the pixel electronics are 
sampled through a fully differential 16:1 multiplexer wdth sampling 
capacitors to allow on-chip CDS, a programmable gain amplifier with range 
1-8, and a final 64:1 multiplexer. Four outputs are provided in total. 
Modelling predicts a pixel gain of 7.7 pV/e , a full-well capacity of 250k e , 
and a readout noise of 66 electrons mis at the frame readout rate of 6.25 kHz 
(an effective pixel readout rate of - 6.25 MHz in each quadrant). The chip is 
to be manufactured on the same 0.25 pm process as the 4Kx3K pixel sensor. 

In the future, w ( e intend to increase the array length to 8K pixels, to add 
on-chip ADCs, and to incorporate up to four adjacent arrays on the same die 
to allow imaging in different colour bands. 
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6. Summary 

RAL is developing science-grade CMOS APS technology for 
applications in space science and Earth observation. CMOS allows all 
necessary drive electronics to be incorporated on-ehip, thus offering 
significant advantages in functional integration, readout speed, compactness, 
mass and power consumption. APS technology also promises greater 
radiation tolerance in the space environment than CCDs. To date, we have 
designed, manufactured and tested various pixel test structures and a 
512x512 pixel sensor for satellite star trackers. We have also designed a 
4Kx3K pixel sensor for future solar physics missions, and a 4K pixel linear 
sensor for push-broom Earth observation cameras. We are also collaborating 
with E2V to develop CMOS thinning technology to allow backside 
illumination. 
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Abstract: A brief overview of the detector systems finished by ESO's Optica I Detector 

Team (ODT) since 2000 is followed by a preview of forthcoming deliveries. 
Emerging trends are analyzed, and resulting actions and strategies are 
described. 
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1. Introduction 

The pre-2000 development work for and status quo of the CCD systems 
in use at ESO’s La Silla and Paranal observatories were described by Beletic 
in 2000 [1]. The most important achievements were the design of the FIERA 
controller (Beletic, Gerdes, and DuVarncy in 1998 [2]), the PULPO house- 
keeping unit (Haddad and Sinelaire in 1998 [3]), and the associated control 
software and their establishment as ESO’s standard CCD control 
environment. By the year 2000, more than a dozen such systems had been 
deployed and were operating in Chile. Since then, six more systems have 
been completed. After a few decades of total system operating time it can 
now be safely said that, following the elimination of some initial dewar 
cleanliness problems, the reliability is excellent with downtimes of 0.5% or 
less. In fact, this performance poses a new kind of a challenge: the limited 
hands-on experience of the operations staff with trouble shooting is 
becoming a concern. 

The six new systems and the three currently in preparation are briefly 
described in Sec. 2. On average, they are more complex and/or ambitious 
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than the earlier ones, and the VLT instrumentation plan has been expanded 
following a call for proposals for 2"' 1 generation instruments. The associated 
trends are analyzed in Sec. 3; and Sec. 4 describes how ESO's Optical 
Detector Team (ODT) is responding to these and other challenges. 

The corresponding summary of ESO’s work on IR detectors is provided 
by Finger in 2002 [4], 



2. Recently Delivered and Forthcoming CCD 
Systems 

The available space permits each system to be described only briefly. The 
ODT Web site (www.eso.org/projects/odt) provides more in depth 
information or will soon do so. 

2.1 Upgrades of FORS2 and EMMI (red arm) 

FORS2 and EMMI are multi-mode, focal-reducer instruments at the VLT 
and the New Technology Telescope, respectively. They were initially- 
equipped with one Tektronix TK204X chip each with 2K32K. 24 pm pixels. 
In 2001 (FORS2) and 2002 (EMMI) these detectors were replaced with 231 
mosaics of 2K34K MIT/LL CC1D-20 high-resistivity devices with 15 pm 
pixels. This increased the sky coverage by 50%. However, the improved red 
sensitivity was at least as strong a driver (see also [5]). 

2.2 Optical wavefront sensor for NAOS/CONICA 

The ncar-lR multimode instrument CONICA receives the telescope beam 
via the adaptive optics system NAOS. which features both an optical and an 
1R wavefront sensor. The former is described in detail by Feautrier ct al. (6], 
and is based on a Marconi CCD-55 detector. Other ODT work on wavefront 
sensor systems is presented by Dorn [7] and Dorn et al. [8]. 

2.3 Giraffe 

The high and medium resolution spectrograph Giraffe is a joint 
Freneh/Suisse/ESO project. It can receive light through up to 130 fibers, 
which the FLAMES positioner can place anywhere in the 30' field of view 
of the VLT (using 8 more fibers FLAMES can simultaneously feed the 
UVES eehelle spectrograph as well). The Giraffe detector system is built 
around one Marconi CCD44-82 chip (2K34K. 15 pm pixels; for ODT test 
results for this type of device see [5]). 
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2.4 VIMOS 

Built by a French/Italian consortium, this multi-object spectrograph 
amplifies the data-taking power of the VLT even more massively than 
Giraffe by supporting the collection of up to 750 spectra simultaneously, 
depending on spectral resolution. The field of view of about 22' diagonal is 
div ided into 4 quadrants and optical trains, each of which is equipped with a 
separate detector head mounting one Marconi CCD44-82 device. Two 
FIERA units control 2 detectors each. 

2.5 HARPS 

Late in 2002, the High-Accuracy Radial Velocity Planetary Search 
(HARPS) project will started its hunt for extra-solar planetary systems. This 
project is being realized by a Suisse/French/ESO collaboration. The detector 
system supplied by the ODT is comprised of a 231 mosaic of 2K34K chips 
with 15 pm pixels (Marconi CCD44-82). 

2.6 MAD 

The Multi-conjugate Adaptive optics Demonstrator (MAD) will test 
enabling technology for ELTs and the OWL 100-m telescope in particular. It 
is based on Marconi CCD-50 split frame-transfer devices with 1283128 
light-sensitive pixels, but only one quadrant each will be used. Up to 3 
separate detector heads (out of a total of 5) need to be operated at frame rates 
up to several 100 Hz and with various synchronization patterns. A big 
challenge lies also in the combination of the specified low read noise and the 
requirements with regard to weight, space, and position ability, which 
excludes LN2 cooling. Since deliver)' for system integration is foreseen for 
the end of Q 1/2003, maximum use will be made of proven solutions adopted 
for the w'ave front sensor of N AOS/CON 1C A. For a more comprehensive 
description see [9]. 

2.7 OmegaCAM 

In collaboration with the Osscrvatorio Astronomico di Capodimonte, 
ESO will erect the 2.6-m VLT Survey Telescope (VST) at the Paranal 
Observatory. The only instrument of the VST will be the UV-optimized 
wide-angle imager OmegaCAM, w'hich is a joint German, ''Dutch/ltalian/ESO 
enterprise. An 834 mosaic of 2K34K Marconi CCD44-82 devices will fill 
the field of view (1.4° diagonal). Under the control of 2 FIERAs in a 
master/slave configuration, the total overhead per exposure will be 45 sec 
(using one port per chip). A third FIERA w'ill control 4 auxiliary CCDs of 
the same type, of w hich 2 w'ill be employed for autoguiding and the other 2 
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for curvature wavefront sensing to enable the closed loop operation of the 
telescope's active optics system. 

2.8 MUSE 

The Multi-Unit Spectroscopic Explorer (MUSE) was proposed by a 
multi-national consortium as a VLT 2 nd generation instrument and recently 
selected for a Phase A study. It focuses on objects at redshifts, where their 
area density is so large that selective observations by means of positionable 
slits or fibers become very inefficient in sampling the required information. 
Therefore, the objective of MUSE is the complete stock taking over areas of 
r 3 I'. Adaptive optics will enable a spatial sampling of 0.2" so that every 
observation will result in 90.000 spectra. The current optical design foresees 
spliting the field into 24 beams, each of which would feature its own 
detector head with a 2K34K CCD. The detectors will need to have a red- 
optimized sensitivity to match the scientific high z requirement. 



3. Trends 

There are strong tendencies toward: 

• Fully paving the focal plane with silicon. 

• Ever more complex instruments with larger and larger wavelength 
coverage. 

• Sensing very weak and rapidly variable optical signals in (closed) 
control loops. 

FIERA has coped remarkably well with these challenges, which at the 
time of its conceptual design did not figure nearly as prominently as they do 
now. However, concern results from the weight, volume, and cooling 
requirements, which reach uncomfortable dimensions in systems with many 
channels. The priceless advantage of being able to implement and operate all 
optical detector systems of ESO’s observatories in one and only one 
environment (including a standard dewar) was, therefore, not abandoned. 
Continuous investments have been, and also in the future will be, necessary 
to maintain the full power of this approach, which is integral part of the very 
successful VLT standardization strategy at large. 

There is undoubtedly a need to further reduce all possible non-photon 
noise sources, especially for adaptive optics, scanning, and high-resolution 
spectroscopy applications. However, there appears to be another, speculative 
dimension, which, if unfolded, w'ould bear much bigger promise for 
astronomy at large: detectors w ith intrinsic wavelength resolution. A picture, 
that is, e.g., sometimes used in connection with adaptive optics, is the 
following: suppose that a photon was emitted billions and billions of years 
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ago, traveled over billions and billions of parsecs, hits Ml, but bounces off 
M2 - just missing the slit. In imaging instruments, things are actually much 
worse. Chances are uncomfortably large that a filter discriminates against the 
impinging photon on account of its color although the detector could register 
it. This docs not really appear scientifically or technically correct. 



4. Actions and Initiatives 

ESO’s and the ODT's perception of the requirements to be met in the 
next couple of years have led to a number of activities, which arc briefly 
enumerated in the following. For many of them, more comprehensive 
information is accessible from the ODT Web pages (www.eso.org/ 
projects/odt). 

Part of the FIERA concept is an LCU, which receives and orders the data 
during readout. The initially utilized SPARC20 computer is no longer 
manufactured and will be replaced by an UltraSPARC, which requires an 
upgrade to a PCI bus (cf. Reyes Moreno et al. [10]). Studies to eventually 
move to a Linux box arc underway. 

The 36 CCDs of OmegaCAM require more temperature sensors and 
heaters than a current single PULPO can handle. PULPO is therefore being 
upgraded and will incorporate a small PC running Linux (see [10]). The 
software will be ported to C'. 

OmegaCAM (and the contractual agreement with the supplier of the 
CCDs, which foresees that all 40+ devices are tested by ESO) was also the 
main driver for a comprehensive streamlining of both the control and the 
data reduction software of the ODT test bench [11], This now supports the 
largely unsuperv ised acquisition and analysis of comprehensive data sets (cf. 
Christen et al. [12]). Discussions are ongoing about the benefits of 
converting the test bench to a fully VLT-like instrument, possibly with a 
VLT-like pipeline. 

Following some unexpected problems, rigorous cleanliness standards 
were introduced for the CCD dewars, and numerous materials were studied 
for their suitability under vacuum and cryogenic conditions (cf. Deiries et al. 
[13]). Especially with the large OmegaCAM mosaic in mind, a class 100 
clean room was furnished. 

The VLT Control Software (VCS) at large has reached a level of 
robustness and stability that permitted the length of release cycles to be 
increased from half a year to one year. This frees capacities for development 
work and reducing the maintenance load on the operations staff. The FIERA 
software is integral part of the VCS and therefore followed this lead. 

ESO just recently placed a contract for the production of 2 nd generation 
technical CCDs. Part of the responsibility for these systems now rests with 
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the ODT, which thereby acquired a welcome direct contact with industrial 

systems. 

In order to actively participate in the collection of experience with LLL 
CCDs, ESO and the Observatoire de Marseille have engaged in a joint 
evaluation project of a Marconi CCD65 device. First results are reported by 
Cachet al. [14]. 

The usage of liquid nitrogen poses a permanent safety hazard to 
personnel and equipment (although careful safety standards have so far 
permitted any serious incident to be avoided at ESO) and requires significant 
operations and/or maintenance elTorts. As a potential alternative, a 
Cryotiger™ system will be tested. 

As part of its strategic planning to be prepared for all future challenges, 
also with a view toward OWL readiness, ESO will conduct a study of the 
specific benefits that could be expected from a generic, wavelength- 
independent detector control and data acquisition environment. It will enable 
the ESO management to decide whether to go ahead with such a project and, 
if yes, to establish cutting edge, yet realistic requirements. 
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Nothing tike n 10-meter mirror to check for food stuck in your teeth. 
(Courtesy P. Sinclaire) 
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Abstract: He provide an overview of the Keck Observatory, its instrumentation, detector 

systems, and plans for new instruments and detector upgrades. Even though 
the Keck instrumentation is older than that of the new S meter telescopes, in 
several cases the Keck detector systems are leaders in their class. However, 
in winning the race for the first very large telescope, the Keck Observatory has 
paid a price in terms of performance, lack of standardization and difficulty in 
maintenance. We discuss these challenges and our plans and dreams for 
ensuring that the Keck Observatory has the detector systems needed to stay at 
the forefront of astronomy. 

Key words: optica! detectors, infrared detectors. Keck Obsen’atory. instrumentation plan. 

E-Bay. 



1. Introduction 

The W.M. Keck Observatory (WMKO) has been a world leader in 
astronomy for a decade. Since first light of the Keck 1 telescope in 1992, 
and first light on Keck II in 1996, WMKO has paved the way in 
spectroscopy and high resolution imaging, fostering some of the most 
significant advancements in astronomy, such as observational cosmology 
and extra-solar planet hunting. Part of the leadership has been due to being 
first and having at least 6 years head start in operations. Other telescopes in 
the 8-10 meter class have only recently come on-line: VLT (1998), Subaru 
and Gemini (1999). Now, Keck has to work much harder to keep an edge 
over its many exceptional “competitors", which profit from newer 
technologies and richer budgets. 
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In this article we provide an overview of the Keck instruments and 
detector systems, two key aspects in the life of any observatory, and our 
plans and dreams for improving these systems so that the Keck Observatory 
remains at the forefront of astronomy. 



2. The Keck Observatory 

The Keck Observatory is operated by a non profit entity entitled CARA, 
the California Association for Research in Astronomy. Founded by the 
University of California and the California Institute of Technology in 1985, 
CARA added a minor partner in 1996 when NASA joined to help fund the 
expansion of the Observatory for interferometry. The W.M. Keck 
Foundation has graciously supported the development of the Keck 
Observatory wdth donations totaling SI 17 million, and thus the Observatory 
bears the "Keck" moniker. The Keck Observatory primarily serves the 
California astronomical community, arguably one of the strongest in the 
world, but it is also used by a much broader clientele. NASA receives one- 
sixth of the observing time, and the University of Hawaii receives observing 
time due to its stewardship of Mauna Kea. In addition, the U.S. national 
community has access to the Keck Observatory through the Telescope 
System Instrumentation Program (TSIP) which is funded by the National 
Science Foundation. TSIP presently has access to 24 Keck nights per year 
(12 per telescope). 

The Observatory consists of two 10-meter telescopes. Actually each mirror 
is hexagonal in shape with the shortest dimension across the aperture being 9 
meters, and the longest dimension equal to 11 meters: 10 meters is the 
effective light collecting diameter. The primary mirrors are composed of 36 
hexagon "segments", each 1.8 m in diameter, as show n in Fig. I. There are 
multiple secondary mirrors available: f/15 and #25 for both telescopes, and 
an f/40 for Keck II. The f/15 is an aluminized secondary, while the f/25 and 
f/40 modules are gold-coated chopping secondaries designed for use with 
infrared detectors. The telescopes are azimuth-elevation design with four 
main locations for instruments: two Nasmyth foci, a Cassegrain focus and a 
forward Cassegrain focus. In addition, there are four "bent Cassegrain" foci 
on each telescope, located on the elevation ring, which can hold small 
instruments. 
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Figure 2. Schematic diagram of a 10-meter Keck telescope and the image of the Moon at 
Nasmyth focus. Each telescope weighs 300 tons. The Nasmyth foci are named 
"left” and "right” from the point of view of a person located at the center of the 
primary mirror, facing the sky. 



Figure t. The segmented Keck Primary mirror. Schematic (left) and photo. In the photo, a 
technician is visible inside the Cassegrain tube. 



Figure 2 shows a schematic diagram of the telescope and a photograph of 
the image of the Moon at Nasmyth focus. With a plate scale of 0.727 mm 
per arc sec, the 20 aremin corrected field of view of the f/15 focus is 0.87 
meters wide (just a shade under 3 feet). 
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3. The instruments of the Keck Observatory 



The Keck Observatory Science Steering Committee (SSC) guides the 
development of instrumentation at the Observatory. The SSC has espoused 
the philosophy that the Observatory should provide a broad range of 
instrumentation so that all astronomers have the facilities needed for their 
science. Thus, all wavelengths accessible from the ground in the optical / 
infrared regime are observed, from 310 nm in the ultraviolet to 25 pm in the 
infrared. The Keck Observatory is presently the only large telescope facility 
that serves this large bandpass. The instrumentation of the Keck 
Observatory, in Table I, shows the breadth of interests of the Keck 
astronomical community [2 and references therein]. 



Table I. Single aperture instruments of the Keck Observatory. 



Instrument 


Location 


Ops 

Start 

Date 


Wavelergth 

(microns) 


Image 
FOV (arc 
min) 


Spectral 

Resolution 


Nights 

per 

year 




NIRC 


'I 


1994 


1 • 5 


063x063 


100 


40 






VFornard Cass 














CWS 


J 


1999 


3 - 25 


017x017 


ICO i 14C0 


30 




Present 
















IRIS 


Cassegrain 


1994 


03 - I 


6 x B 


3 GO 5000 


160 




HIRES 

Future NIRES 


fight NWS 
Bent Cass 


1994 

2005 


0 3 • 1 
1-2.5 


NA 

067x067 


39.COO 67.000 
2 OCX) 


ICO 

ICO 















1000 60CC & 






ESI 


Cassegrain 


1999 


0 39- 1 


2x8 




ICO 














20.000 






Present NIRSPEC 


fight hiss 


1999 


1 • 5 


0 77x077 


2000 & 25.000 


ICO 


*3 


NIRC2 


Left Mas (AO) 


2COI 


1 • 5 


067x067 


5009000 


30 




DEIMOS 


fight hiss 


2002 


039 • 1 


5x17 


6C00 


ICO 




OSIRIS 


Left Nas (AO) 


2004 


1 -2.5 


011x011 


4COO 


ICO 




<IRMOS 


fight NUs 


2009 


1 • 2 5 


11x11 


5000 


ICO 



The Keck Observatory has also taken an aggressive approach in Adaptive 
Optics (AO), dedicating the left Nasmyth platform on each telescope to a 
high order Shack-Hartmann AO system. The AO systems, which have 20 
subapertures across the 1 1 -meter maximum diameter of the pupil, have been 
designed with laser guide star AO in mind, and thus their faint magnitude 
limit on natural stars is 14th magnitude. The Keck II AO system is used 
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with three of the science instruments (N1RC2, N1RSPEC and OSIRIS). The 
Keck I & II AO systems arc used for the interferometer that combines light 
from both Keck telescopes. The combination of AO at two Nasmyth foci and 
a large instrumentation suite has resulted in the Keck Observatory having 
more instruments than it has foci, so several of the instruments are 
exchanged at some of the foci. The flexibility of instrument exchanges has 
added capability, but also has led to increased maintenance costs, and a 
higher incidence of instrument failure. The wavelength-spectral resolution 
plot of Keck instrumentation is shown in Fig. 3. Future instruments that are 
in development are show n in the figure as dashed lines. 

80000 



50000 



ioooo 



R 

5000 



1000 



too 



0 3 1 3 10 30 

Wavelength (micron) 

Figure 3. Wavelength - spectral resolution diagram for Keck instruments 

The emphasis of Keck instrumentation has been on spectroscopy and not 
imaging. Even those instruments that have an imaging capability find most 
of their time dedicated to spectroscopy. Keck is not a place that produces a 
lot of pretty images to hang on the w all. (Drive 500 meters down the road to 
CFHT to get pretty posters and calendars ! Ask for Jean-Charles.) However, 
when images are made, they are usually made with resolution that used to be 
sole purview of space missions. The Keck Observatory AO systems are now' 
routinely producing 4 times higher resolution that the Hubble Space 
Telescope in the near infrared (J, H and K bands), sometimes w'ith Strehl in 
excess of 60% (at L band) (see Fig. 4). 



HIRES 



MIRSPEC 

ESI 
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Figure. 4. Image of the galactic center, with adaptive optics off and on taken at 2.5 pm 
with guidestar 30” away. Images such as these have been used to follow the 
motion of stars over a 7-year period to determine the location and mass of the 
black hole in the center of the galaxy. The black hole, marked with an X 
symbol, has a mass of 3 millions suns [ 1 ). 
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The Keck Observatory is also pushing the technology of interferometry, 
achieving "first fringes" with the two Keck telescopes on March 12, 2001. 
The interferometer is funded by the NASA Origins theme, which is 
concentrated on finding the conditions that would support the development 
of life. (Other Origins programs are the Space Interferometer Mission. SIM, 
and the Terrestrial Planet Finder. TPF) The Keck interferometer is now 
being used for "visibility science" (at H and K bands), and will expand in 
2004 to include the capabilities of nulling and differential phase. 



4. The detectors of the Keck Observatory 

The scientific detectors that are used in the single aperture 
(noninterferometry) instruments are shown in Table 2. 



Table 2. Scientific detectors of the Keck Observatory 



Instrument 


Detector 


Instrument type 


Wavelength 

(micron) 


Format 


Manufacturer 












IRIS - blue arm 
- red arm 


0.3 - 0.6 


two 2k x 4k 


Marconi 


Imager / Spectrograph 


0 39 - 1 


2k x 2k 


Tektronix 


HIRES 


0.3 - 1 


2k x 2k 


Tektronix 


Spectrograph 


ESI 


0.39 - 1 


2k x 4k 


MIT/LL 


Imager / Spectrograph 


DEIMOS 


0.39 - 1.1 


eight 2k x 4k 


MIT/LL 


Imager / Spectrograph 


NIRC 


1.0 - 5 0 


256 x 256 


Hughes / SBRC 


Imoger / Spectrograph 


NIRC2 (AO) 


1.0 - 5.0 


lk x lk 


SBRC 


Imoger / Spectrograph 


NIRSPEC (AO) 


1.0 - 5.0 


lk x lk 


SBRC 


Imager / Spectograph 


OSIRIS (AO) 


1 - 2.5 


2k x 2k 


Rockwell 


IFU Spectrograph 


NIRES 


1 - 2.5 


lk x 2k 


Rockwell 


Imoger / Spectrograph 


KIRMOS 


1 - 2.5 


4k x 4k 


Rockwell or Boeing 


Imager / Spectrograph 


LWS 


3. - 25 


128 x 128 


Boeing 


Imoger / Spectrograph 



The range of quality does not befit a leading astronomical observatory. The 
two most striking deficiencies are the 1980's vintage Tektronix devices in the 
red arm of LR1S and in HIRES. Especially disconcerting is the "engineering 
grade" device that was "temporarily" installed in the red arm of HIRES. 
This device, which Tektronix branded with a pen spot at the center of the 
chip, has modest quantum efficiency (peak 70%) and poor readout noise (6.5 
e at a 25 kHz pixel rate). In addition, the ancient readout electronics take 
160 seconds to read out all pixels from one port (80 seconds out of 2 ports). 

On the other hand, some of the detector systems at Keck are leaders in 
their class. The 8Kx8K mosaic of eight MIT/LL 2Kx4K CCDs on DE1MOS 
is the largest mosaic in any optical spectrograph in the world. These red- 
sensitive devices arc one of the reasons that the DEEP2 [3] survey of the 
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distant universe will be the best map of cosmological structure yet made. 
DEEP2 is mapping galaxies with redshift 0.7 to 1 .4. about half the age of the 
universe, at spectral resolving power of 5000, enough to measure both 
redshift and internal dynamics. The DEIMOS detector array takes spectra of 
up to 150 galaxies simultaneously down to magnitude 24 (iur) in a 1-hour 
exposure. Figure 5 shows the excellent multiplexing capability of DEIMOS. 
This 1250x555 pixel image shows only 1% of the field of view of the 
detector mosaic! The spectra have been sky subtracted and wavelength 
aligned for about 8 slits of the DEIMOS mask (which had 100 slits in this 
ease). Blue is on the left and red to the right. The center of the image shows 
a gravitationally bound group of 4 galaxies at redshift of 1.02. The 4 
galaxies in the middle, plus the two others at slightly lower redshift, show 
the resolved pair of closely spaced emission lines due to singly-ionized 
oxygen (Oil], the so-called “forbidden transition" lines at rest wavelengths 
3726 and 3729 A. Resolving these closely-spaced lines testifies to the 
quality of the instrument and detectors. 




Figure 5. This negative image (dark is higher intensity) shows a 1250x555 pixel portion of 
the 8Kx8K focal plane of DF.IMOS. demonstrating the multiplexing capability of 
the largest focal plane in any optical spectrograph. Up to 150 galaxies are measured 
at one time. (See text above for details about this image.) 

In the area of infrared detectors, the Keck Observatory has been the world 
leader in the use of InSb detectors sensitive to 1-5 microns. T here are two 
Aladdin lKxlK devices presently in use at the Observatory: NIRSPEC and 
NTRC2. At longer wavelengths, the Keck Observatory has been the only 
large telescope with 5-25 micron capability, although the LWS instrument 
and its Boeing 128x128 pixel detector are aging. 

Lastly, the Keck Observatory has recently received delivery of three 
MIT/LL 2Kx4K CCDs that set an entirely new standard for high quantum 
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efficiency in an optical spectrograph. The detectors, whose QE is shown in 
Fig. 6, are all thick (45 micron), high resistivity CCID-20 design. The two 
blue optimized CCDs have the Lesser backside process and single layer 
hafnium oxide AR coating optimized for peak QE at 320 nm. The red 
optimized device is front a boron implant laser anneal process with a two- 
layer AR coating (hafnium oxide over silicon dioxide). These CCDs will be 
used to upgrade the HIRES spectrograph in January 2004. This detector 
upgrade will make HIRES, once again, the most efficient high resolution 
spectrograph on the planet. 




Figure 6. The QE curves for the CCDs that will be used in the HIRES upgrade. 



5. The price of running fast to be first 

In the 1970's and early 1980s, a big debate was active in the astronomical 
community: what was the best way to build the next generation of 8-10 
meter telescopes? Would it be possible to manufacture a piece of glass 8 
meters wide with the required precision? Or is it belter to make a set of 
smaller segments and phase them to operate as one large piece of glass? The 
answer, as we all know, is that both approaches have worked. However, the 
segmented mirror approach of the Keck Observatory 1 won the race by 5 to 7 
years, and the Keck community has greatly benefited from the opportunity to 
"skim the cream" in many areas of astronomical research. 

However, during the construction of the Keek Observatory, time was 
critical and many systems were put together in the quickest way possible in 
order to win the race and to “own” the large telescope arena for as long as 
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possible. The detector systems are especially symptomatic of the problems 
that result from this "build it fast at all cost" approach. 

The first casualty was system standardization. For nearly every 
instrument, it has always been easier to take an "off the shelf' solution to 
detector electronics instead of developing the infrastructure of a common 
standardized system. Thus, the Keck Observatory now struggles to maintain 
at least 17 different versions of detector controllers, including transputers, all 
generations of Leach, custom infrared array electronics from Berkeley 
Camera Engineering (BCE) and even some of the original Photometries 
designs. The result is that most systems do not have adequate spares, many 
are "black boxes" to the Observatory staff, the systems are not optimized or 
even completely characterized, and significant detector problems can persist 
for a long time without being noticed. With obsolete systems and inadequate 
spares, we have even taken to buying guider electronics off E-Bay. (We 
would feel even worse, were if not for NASA doing the same for some of its 
ground systems that support the Space Shuttle.) 

Also, with a 10-m telescope in a world of 4-m competition, the Keck 
Observatory did not need to strive for the highest performance level; one 
example is duty cycle, i.e., fast readout. There has been no premium on 
readout time, and the LRIS and HIRES systems take 80 to 160 sec to read 
out. Even the relatively modem DEIMOS detector system requires 39 sec to 
read out, a specification that was acceptable because in comparison with 
LR1S and HIRES, reading out 16 times as many pixels in half the time 
seemed like a big step. However, an opportunity was missed since the 
DEIMOS detectors are capable of being read out in 5 seconds with noise 
performance that is adequate for slitmask alignment and many calibrations. 
Thus, the Keck Observatory now has the following challenges: 

• No standardized detector electronics 

• Slow and inflexible readout electronics 

• Lack of spares and minimal knowledge by Observatory staff 

• Some detectors that are 1980 vintage 

We recognize these challenges and have some plans, and many dreams to 
remedy the situation. 



6. Plans for the future 

The first detectors that the Keck Observatory must upgrade are the 
ancient ones in HIRES and the red arm of LRIS. Fortunately, the HIRES 
detector upgrade is underway and will be installed in January 2004. The new 
CCDs will bring several improvements to the HIRES instrument, including: 
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• Higher spectral resolution (due to reduced electron diffusion), 

• Better spectral sampling (by virtue of the smaller pixel size), 

• Superior charge-transfer efficiency, 

• Flatter focal plane, 

• Larger detector area, 

• Higher quantum efficiency, 

• Lower readout noise. 

No firm schedule yet exists for the LR1S red detector upgrade, which is 
expected to be a 4Kx4K, 15 micron pixel CCD mosaic. The favored option, 
at present, is the very thick (200 pm) LBNL p-ehannel CCD, which would 
greatly reduce the fringing that plagues this flexure-prone instrument that 
rotates at Cassegrain focus. 

Two new instruments are expected to arrive at Keek in the next two years: 

• OSIRIS, an AO-optimized integral field spectrograph featuring a 
2Kx2K Rockwell HgCdTe device for 1-2.5 pmoperation. This 
instrument will arrive in mid-2004 and will commence science 
observations in early 2005. 

• MIKES, a low resolution Cassegrain spectrograph that will provide 
simultaneous J, H, K spectral coverage and will be an excellent 
instrument for follow-up of targets identified by SI RTF (Space 
Infrared Telescope Facility) that will be launched in August, 2003. 
N1RLS will use a 1 Kx 2K portion of a Rockwell HAWAII-2 array, 
and is expected to arrive at the telescope in the first half of 2005. 

Presently in the preliminary design phase is the most ambitious infrared 
spectrograph yet proposed by any observatory: K1RMOS, a multi-object 
spectrograph and imager which will use a mosaic of four 2Kx2K HgCdTe 
detectors (Rockwell or Raytheon) and could arrive at the telescope in 2008. 

In parallel, the Keck community has pulled together to attack the problem 
of non-standardized detector systems. Caltech, UCLA. UC Santa Cruz and 
Observatory staff have formed a consortium to develop the next generation 
detector electronics - a system we call ASTEROID (A System To Efficiently 
Read Optical / Infrared Detectors). Unfortunately, we do not have the 
resources to properly pursue this effort, so we are being as inventive as 
possible to achieve our goal. We have divided the electronics control system 
into two pieces: hardware and software. We are concentrating on the 
software aspect at this time, and are investigating the ArcView software 
developed at CTIO to see if it can serve the purpose of the software 
backbone. In the meantime, we will w'ait to sec whether the MONSOON 
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project at NOAO or other efforts will provide the hardware that is required 
for running optical and infrared detectors. 



7. Dreams for the future 

Beyond the plans listed above, we have many dreams and are seeking 
resources to make them come true. 

We wish to develop the ASTEROID system, both software and hardware, 
as quickly as possible. 

The Observatory desperately needs for a new generation of guiders. 
Besides having relatively poor performance, the obsolete Photometries 
guiders cannot be purchased anymore and are an increasing maintenance 
headache. When developing a new guider, we would like to incorporate a 
low-order wavefront sensing capability - a feature that is part of the VLT and 
Gemini designs, and should be incorporated into the Keck system as soon as 
possible. 

We also need to develop a detector team at the Observatory, and 
strengthen the detector laboratories at the University of California and 
Caltech. 



8. PRESENCE IN THE WORLD DETECTOR COMMUNITY 

We hope to also provide a continued presence in the worldwide detector 
community. We offer to work with others to ensure a smooth functioning of 
the 2005 version of this detector workshop. During the intervening time, we 
will support the SPIE telescope conference being held in June, 2004 at 
Glasgow, Scotland - James Beletic is detector track chair and co-chair with 
James Garnett (of Rockwell) of the Optical & Infrared detector conference. 

We also are leading an effort to develop the next generation AO 
wavefront sensor CCDs. We plan to work with others to decrease the noise 
level of optical wavefront sensor detectors in 3 ways: 

• Develop lower noise amplifiers 

• Put more amplifiers on the CCD. thus reducing readout rate and 
readout noise 

• Develop novel-geometry detector architectures, to maximize the 
information content of each pixel and minimize pixel count 

The last bullet is important, since we feel that custom-designed CCDs are the 
next generation of detector development that will make a significant impact 
on instrument design. We should no longer think of detectors as simply a 
contiguous array of square pixels. One should be able to design the 
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instrument and the detector pixel layout to optimize the use of a limited 
number of photons. These "designer detectors" will provide the best signal- 
to-noise ratio in photon-limited situations.. ..which is most of astronomy! 
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Abstract: New developments carried out for the next generation VLT instruments are 

discussed. Both HgCdTe and InSh large formal arrays are used to cover the 
near Infrared spectra I region. A three-side huttahle mosaic package for 
Aladdin InSb arrays will fill the focal plane of a high-resolution echelle 
spectrograph. Three Instruments, a multi-object spectrograph, an integral 
field spectrograph and a test camera for multi-conjugate adaptite optics, will 
be equipped with IIAIVAII-1I and HAWAII-II RG arrays. A fringe tracker of 
the VLT Interferometer will use a PICNIC array which is optimized for use in 
an active control loop. 



Key words: 



Infrared array. HgCdTe. noise, dark current, quantum efficiency 



1. Introduction 

Large format infrared arrays are now in routine operation at the 8-m VLT 
telescopes and have produced some spectacular results [I]. The advent of 
adaptive optics has improved the spatial resolution and now achieves almost 
diffraction limited images. The finer plate scales used with adaptive optics 
decrease the flux of thermal background photons and the associated photon 
shot noise. Henee, the readout noise of infrared arrays must be reduced to 
remain below the photon shot noise threshold. For wavefront sensors of 
adaptive optics systems and fringe trackers in interferometry, exposure times 
are less than 1 ms. The lowest readout noise has to be achieved at high 
speed. In order to sample a reasonable field with smaller plate scales, more 
pixels are required. Furthermore, the high spectral resolution of multi-object 
and integral field spectrographs as well as large survey telescopes are strong 
drivers for larger array formats. To fulfill all the requirements of 2 nd 
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generation VLT infrared instruments, a large development effort needs to be 
made focal plane detector technology. 



2. INSB 512x4086 .MOSAIC 



A 512x4086pixel mosaic is under development to record simultaneously 
the maximum spectral range of a single order of the cryogenic echellc 
spectrograph CRIRES [2]. This instrument will provide a resolving power of 
10 s for wavelengths between 1 and 5 pm. As seen in Fig. 1, CRIRES has a 
curvature sensing adaptive optics system to minimize slit losses. The 
spectrograph has a prism pre-disperser for order sorting and thermal photon 
background suppression. The echelle grating provides the high-resolution 
spectra to be sampled by the detector mosaic in the useful optical field which 
extends 135 mm in the dispersion direction and 21 mm in the spatial 
direction at a plate scale ofO.l'Vpixel. 




Figure i. Optical layout of the cryogenic echelle spectrograph CRIRES and the 512x4086 
pixels mosaic comprising lour Aladdin iKxlK/lnSb arrays. 



A 3-side quasi-buttable ceramic package for Aladdin II and III arrays is 
being developed to minimize the spacing between arrays to < 283 pixels. 
Since only two quadrants of each array are used and the individual arrays 
have only two adjacent science grade quadrants, the arrays need to be 
mounted in different orientations. A short flexible manganin board interfaces 
each detector to a preamplifier board that is encapsulated in a light-tight box 
and also operates at cryogenic temperatures. More details are described 
elsewhere in these proceedings [3]. 
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3. HGCDTE 2048x2048 ARRAYS 

With the availability of large format IR arrays it is now possible to 
extend the multi-object spectrograph concept to the infrared. NIRMOS is an 
infrared instrument with capabilities of direct imaging, multi-object 
spectroscopy and integral field spectroscopy. 

NIRMOS consists of four independent imaging spectrographs [4]. Each 
spectrograph has a resolution of R-2500 and covers a field of 
4x6x8 aremin 2 . The four detector cryostats will be equipped with 2Kx2K 
HAWAI1-IIRG MBE arrays having a cut-off wavelength of ^.= 1.9 pm to 
cover the J and H bands. The four continuous-flow cryostats cool the 
detectors to a minimum temperature of 86 K and have cryogenic filter 
wheels including linear variable filters to reduce the thermal background for 
H band spectroscopy. The grism spectrographs are contained in an optical 
box which may be cooled to reduce the thermal flux in H band. The slit 
mask focal plane is at room temperature. 




Figure 2. Layout of the NIRMOS multiobjcct spectrograph and HAWAH-II detector mount 
with 32 cryogenic amplifiers (top) and HAWAll-llRG detector package (bottom). 

The near-infrared (1.0-2. 5 pm) integral field spectrograph SINFON1 is 
based on an image-slicer and will be supported by adaptive optics [5]. The 
spectral resolution ranges from 1000 to 3000, and the 32x32 spatial pixels 
(of variable scales 250/100/25 marcsec/pix) cover a field of view of either 
8"x8", 3"x3" or 0.8"x0.8" on the sky. Presently SINFONI is equipped with a 
Hawaii lKxlK array but it will be upgraded to a HAWAll-llRG array to 
allow Nyquist sampling of the spectra instead of spectral dithering required 
with the HAWAII 1 Kxl K. array. 

The HAWAll-llRG arrays for both NIRMOS and SINFONI will be 
delivered in a 32 channel package without ASIC (Application Specific 
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Integrated Circuits). Because of schedule restraints, the ASIC will be 
implemented time. 

To test the feasibility of multi-conjugate adaptive optics, which is a 
prerequisite for building the OWL 100-m telescope, an adaptive optics 
system known as MAD (Multi-conjugate Adaptive Optics) is under 
development. This has two deformable mirrors, one conjugated to the 
ground layer and one conjugated to the atmospheric layer at a height of 10 
Km [6]. The goal is to demonstrate a Strehl ratio of -30% over a field of 3' 
with 3 natural guide stars. The camera of MAD will be equipped with the 
HAW'AII-II array which is discussed in more detail elsewhere in these 
proceedings [7]. 



4. Sensors for Adaptive Optics and Interferometry 

At present the IR wavefront sensor of the Shack-Hartmann VLT adaptive 
optics system NAOS utilizes one quadrant of a H AWAII-I array [8]. The AO 
system delivers diffraction limited images for the science instrument 
CONICA, which is equipped with an Aladdin IKxlK InSb array [9]. The 
Strehl ratio obtained in K is - 0.7. 

By combining light from two 8-m VLT telescopes, the commissioning 
instrument VINCI of the VLT interferometer obtained first fringes using one 
quadrant of a HAWAII-I array as well. A fringe tracker FINITO is being 
built to stabilize the fringes and allow long integrations with the science 
instruments [10]. If the beams of three telescopes are combined, this fringe 
tracker utilizes only seven pixels of the PICNIC 256x256 HgCd'fe array, 
four pixels for the interferometric fiber outputs and three pixels for the 
photometric fiber outputs. These are imaged onto the detector as shown in 
Fig. 3. For the pixels, exactly the same positions are used in each quadrant to 
benefit from the multiplex advantage by reading out four pixels in each 
quadrant simultaneously. 

Both AO sensors and fringe-trackers have integration times well below 
I ms. The readout noise of 10 to 20 e rms severely limits their performance. 
Further development is needed. A multiplexer having 256x256 pixels, a 
capacitive transimpedance amplifier in the unit cell, 32 parallel outputs, a 
frame rate of > I kHz and a readout noise of- 1 c rms is envisaged. 



5. Conclusion 

Next generation instruments will be equipped with mosaics of large 
format arrays putting stringent requirements on the pixel performance. 
Adaptive optics systems and IR sensors used in active control loops require 
the development of special small format, high speed low noise detectors. 
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Figure 3. Layout of fringe-tracker FINITO with the combination of three telescopes. 
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CONTROLLER DEVELOPMENTS 

at the Anglo-Australian Observatory 



Jason Griesbach 

A nglo-A u\ trillion Observatory 

Abstract: The Anglo-Australian Observatory (AAO) has a history of developing CCD 

controllers which are high performance, low noise, and 1 vry adaptable to new 
applications and technologies. A brief history of the original AAO controllers 
is given, followed by the design and performance of the new generation AAO 
controller. 

Key words: controller. Anglo-Australian Observatory (AAO). Charge-Coupled Device 

(CCD) controller. Complementary Meta! Oxide Semiconductor (CMOS) array 
controller 



1. History of the AAO- 1 Controller 

The Anglo-Australian Observatory entered the world of CCD controller 
design in the early 1980’s when John Barton led a team in the design and 
construction of AAO- 1 . The AAO prided itself in low noise performance, 
stability, and flexibility of design. 

The flexibility of the AAO-1 became evident as astronomers took 
advantage of various clocking schemes that had been invented. The 
uniqueness of the AAO-1 was that it had the capacity for such clocking 
methods from the beginning. One such method is charge shuffling [1,2], by 
which an image or spectra can be shuffled up and down synchronously while 
tuning or switching a filter. A similar clocking method is known as nod- 
shuffle [3]. Figure I illustrates this concept. As can be seen in Fig. 1(a), 
initially the middle third of the detector is used for spectra. In Fig. 1(b), the 
spectra are shuffled up and the telescope is ‘nodded' off the object of 
interest. New spectra of the background sky are acquired. The spectra and 
telescope are synchronously nodded/shuffled to minimise the time 
dependence of the background sky, as shown in Fig. 1(c) and Fig. 1(d). The 
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sky spectra can ultimately be subtracted from the object spectra for enhanced 
signal/noise. The A AO, using the AAO-! controller, was the first 
observatory to make this and similar novel clocking schemes available to the 
general astronomical community. 




(c) (d) 




Figure I. Illustration of Nod and Shuffle technique (from |3J). 

Another proud moment of the AAO-1 was when the MIT/LL CCID-20 
detectors were made available. These detectors, which were 2Kx4K format, 
were much larger than any that had been seen previously. In fact, it was 
thought that such large CCD's would never be produced since the industry 
was not driving their development. When the CCID-20 devices became 
available, the AAO responded by commissioning the MIT/LL2 in October of 
1997, six months before any other observatory. Equally as impressive, the 
MIT/LL2 was commissioned with 2 e read noise at 20 ps/pix and only 1.3 c' 
noise at 100 ps'pix. This success is attributed to the foresight in the design of 
the AAO- 1, and the flexibility of operation that resulted. 
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2. The AAO-2 Controller 

Work began in the early 1990's on a new controller. This work was 
primarily led by John Barton and Lew Waller of the AAO. This new 
controller, the AAO-2, was to have the same flexibility and low noise 
performance as its predecessor while becoming faster and more compact. A 
version of the AAO-2 which is optimised for CMOS multiplexed arrays, has 
already been completed and commissioned. The AAO-2 for CCDs is in the 
design phase. 

A block diagram of the general AAO-2 is shown in Fig. 2. This controller 
has up to four video boards with one input per board, and two clock boards 
for every four detectors or readout amplifiers. Also central to the controller 
are a power conditioning board and a utilities board. The latter handles 
various functions such as detector temperature control, input/output 
synchronisation, and shutter control. These boards are connected by separate 
digital and analog backplanes, where the digital backplane is connected to 
the sequencer and system control and the analog backplane is connected to 
the dewar. 




Figure 2. Block diagram of the AAO-2 controller. 
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The A AO-2 CMOS array controller has been commissioned with a 
Hawaii- 1 array in the IRIS2 instrument at the Anglo- Australian Telescope. It 
is showing remarkable stability and low noise performance. Specifically, it 
can read the Hawaii- 1 array using all four quadrant readouts in only 0.6 sec 
with 10 c of read noise. The images have been very clean and flat- fie Idable. 



Table I. AAO-2 Controller Specifications. 



Parameter 


CMOS Array Controller 


CCD Controller 


Video 

Number of channels 


4 


4 


Video processor type 


CDS or Clamp'Sample 


CDS or Clamp'Sample 


ADC resolution 


16 bit 


16 bit 


Max pixel rate per channel 


2 MHz 


1 MHz estimated 


Read noise 


10 c‘ rms on Hawaii- 1 


2 c‘ at 50k pix/sec est. 


Biases 

Number of biases 


24 


48 


Voltage range 


Oto 1 0V, 0 to - 1 0V, 0 to 5 V 


Oto 30 V, -12 to +12 V 


Vertical Clocks* 
Number of clocks 


20 


20 


Voltage range 


0 to 5 V 


-15 to + 10 V 


Max update rate 


5 MHz 


5 MHz 


Min rise/fall time 


2-3 ps (5 V step) 


2-3 ps (10 V step) 


Peak output current 


1 00 mA 


100 mA 


Horizontal clocks 

Number of clocks 


0 


16 


Voltage range 


- 


-10 to +15 V 


Transition type 


- 


Programmable slope 


Rise' fall time 


- 


100 ns to 2 ps (10 V step) 


Peak output current 


- 


100mA 


Fast Clocks 
Number of clocks 


16 


12 


Voltage range 


0 to 5 V 


-10 to + 15 V 


Rise ' fall time 


50 ns (5 V step) 


50 ns (10 V step) 


Peak output current 


100mA 


30 mA 


Host Computer 

250 Mbps full duplex optical 


Yes 


Yes 


fibre interface 
V Mb Bus architecture 


Yes 


Yes 


Real time VXWorks 


Yes 


Yes 



* In the CMOS controller, the vertical clocks have been heavily filtered and used as precision 
biases. The update rate and rise, 'fall time specifications for this controller only hold relevance 
if these filter stages are removed. 



The design of the AAO-2 CMOS array controller is now being modified 
to be a general, high performance CCD controller. This work is primarily 
being carried out by the author (Jason Griesbach). One of the features that 
makes the AAO-2 CCD controller unique is the flexible cloeking. There arc 
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three kinds of clocks available in the controller — vertical (image) clocks, 
horizontal (register) clocks, and fast readout clocks. The vertical clocks are 
defined by fast parallel-loaded DACs. These DACs can be updated every 
200 ns to create custom wave shapes. The horizontal clocks are bi-level 
clocks with programmable slope rise and fall times. The rising slope, falling 
slope, upper level, and lower level are all independently programmable. 
Finally, the fast clocks are designed for the summing well and reset gate, 
with provision for a spare clock as well. These clocks are fast to lend more 
time to the video processor between pixels, and they are very low noise since 
they arc so close to the sense node. The fast clocks are also bi-level clocks, 
with independently programmable levels. 



3. Future plans 

The first prototype of the AAO-2 CCD controller is scheduled to be 
operational later in 2002. In 2003, the AAO-2 will replace the A AO- 1 on 
existing systems of the Anglo-Australian Observatory. The possibility of 
making the AAO-2 controllers externally available has been considered and 
may be pursued if the interest is there. For more information contact the 
author at isuf</ aaoepp.aao.t;ov.au , or Lew Waller at I uw (</ aaoepp .aao . uov . au . 
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Be careful what you say! Fred Harris is typing it all into his laptop! For the 4 h 
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Abstract: The UK Astronomy Technology Centre (UKATC) is ci UK facility for designing 

and building world class astronomical instrumentation covering spectra from 
the optical to the sub-mnt. Most recently we have delivered a common user 
adaptive optics system fitted with optical CCDs and a mid-IR 
imager/spectrometer built with a Raytheon IBC Si: As detector implementing 
non destructive readout. We are in the process of designing and building an 
optical 3-channel fast photometer using CCDs, a 1-3 pm imager/spectrometer 
which uses an InSb array, two wide field NIR cameras based on MCT 
detectors and a wide field sub-mm camera which will use the latest SQUID / 
bolometer technology. 

We give an overview of some of these instruments and their performance with 
particular regard to their detectors, the problems associated with running 
them and the experience gained in their characterisation. We use in-house 
designed controllers and third party systems. We describe the reasons for 
choosing these particular controller types, the lessons learnt and ideas for the 
future. 

Keywords: HAWAII-2. Raytheon Infrared Operations (RIO). CRC-774. Non Destructive 

Readout. Transition Edge Sensors (TES). 



1. Introduction 

The UKATC’ is a new centre of excellence established at the Royal 
Observatory Edinburgh with an amalgamation of staff from both Edinburgh 
and the Royal Greenwich Observatory. It combines all expertise in telescope 
design and astronomical instrumentation, covering wavebands from the 
optical to the sub-millimetre in one establishment. Recently, the UKATC has 
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been very active in all these areas of work. However this paper will 
concentrate on the detector specifics of the recent work at the UKATC. 



2. The Optical 

The optical detector work has been wide ranging, from simple 4Kx4K 
CCD cameras to auto-guiding systems. A more recent project has been the 
design and building of a 3-colour CCD photometer, ULTRACAM, for the 
University of Sheffield. 

2.1 ULTRACAM 

This is a simple 3 colour photometer which uses 3 Marconi MAT47-20 
CCDs. These are AIMO (Advanced Inverted Mode Operation) devices with 
enhanced QF processes and are thermoelectrically cooled with an external 2 
stage Peltier to operate at -45 °C. This ensures dark current rates less than 
0.1 e/pix/sec. We use the storage area as a pipeline to ensure high speed 
windowed readout in the order of 100 Hz. The CCDs readout from both 
outputs and in parallel using a single SDSU2 controller. We use the PCI 
interface in a PC running RTLinux. Each windowed frame is absolute time 
stamped using a commercial GPS system interfaced to the PC. 



3. The Near Infrared 



3.1 WFCAM 

We are at present designing and building a new wide field Near Infrared 
mosaic camera for UKIRT in Hawaii. This is a fully funded project (partially 
funded by SUBARU) to build the widest field IR eamera ever attempted, for 
delivery by the end of 2003. 

Its key features are: 

• (z) & 1 -2.4 pm broad and narrow band 

• 0.4” pixels micro-stepping for PSF sampling (c.f. 2MASS) 

• fast tip-tilt guiding (focal plane CCD) 

• PACEZ1F socketed HAWAII-2 detectors, 90% spacing of 4 
detectors 

• 4 parallel processing pipelines 

• four exposures give filled 0.865° square (0.75 sq.°) 
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It is a very novel design with the main camera cryostat body mounted in 
front of the primary mirror fixed to the mirror plug hole. 

The focal plane layout is shown below in Fig. I . A point of interest is our 
plan to mount an optical CCD (the MAT47-10) at the focal plane, but 
position it a few millimeters above the IR active area. The main IR detectors 
will be readout synchronously. However it is impossible to readout the CCD 
synchronously with the HAWAII-2 devices. Thus there are great concerns 
about the CCD clocks coupling into the outputs of the IR detectors. To 
minimise this potential problem we have designed the layout so the CCD is 
mounted in its own clectromagnetically shielded enclosure. This includes the 
window, which has a special coating to reduce electromagnetic interference. 




Figure 1. WFCAM Focal Plano Mosaic- 

Figure 2 shows more detail of the EMI enclosure for the autoguider 
CCD. The coating of the window makes electrical contact with a gasket 
which is in contact with the metal housing. We have already completed 
preliminary tests in the lab using tests probes and a spectrum analyser and 
have shown the enclosure to be effective at the frequencies of concern for 
our instrument. We also plan to run the CCD clocks at reduced voltages to 
reduce their radiative emissions. 

If we do not get the required performance from the IR detector in terms 
of its noise due to the coupling of the CCD clocks to the IR array outputs, we 
then plan to implement a scheme of interleaved readout. As a last resort w<e 
can, of course, switch the auto-guiding CCD off during the IR mosaic 
readout. 
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3.2 WFCAM Data Acquisition System 

We plan to use the SDSU2 controller in its IR format to read out the 
HAWAII-2 detectors. Each controller will use four of the new 8 channel IR 
video boards from SDSU to readout from the 32 outputs of each detector. 
The controller will then feed the 16 bit pixel data down the new 250 MHz 
fibre link into a PCI board inserted into a PC running RTLinux as for the 
ULTRACAM system. We will implement a Master Controller/3 Slave 
Controller system to ensure that all the four arrays are clocked and readout 
synchronously to within a few 10 ns and to ensure no clock coupling 
between arrays. 

3.3 VISTA IR camera 

Our second more ambitious Infrared mosaic project is to build a camera 
with an array of 16 IR detectors for use on the VISTA telescope. The 
detectors will be HgC'dTe 2Kx2K detectors from Raytheon Infrared 
Operations (RIO). For this project we will use 3 edge buttable packages 
thath are similar to those supplied by the CCD manufacturers in style. This 
should ensure that we meet our array co-planarity specifications much easier 
than we would with the "ZIP'" socket detectors. In the minimum 
configuration RIO detectors, which have sixteen outputs each, we will have 
to build an acquisition system capable of dealing with 256 output channels. 
Our agreement with ESO means we must ensure that VISTA can easily be 
supported by ESO staff at Parana!. This means that w'c try to ensure 
commonality of as many systems as possible. We are therefore planning to 
use a suite of four of ESO’s IRACE controllers to drive the 16 arrays 
synchronously. The focal plane will also be populated with 6 CCD detectors 
which will be used for autoguiding, as Shack-Hartmann sensors and as 
curvature wavefront sensors. Figure 3 shows the focal plane layout. 
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3.4 UIST 

The UKATC has recently been involved in the complete design, 
development and integration of an imager and spectrometer (UIST) to be 
delivered to UKIRT. UIST is a 1-5 pm imager and spectrometer with a 
cryogenically deployable Integral Field Unit (image slicer). It uses the 
ALADDIN lKxlK InSb detector from Raytheon, operated using 32 outputs, 
with frames rates > 5 Hz, with Non Destructive Readout'S lope fitting and a 
digital over-sampler implemented in real time. 



4. The Mid Infrared 

The UKATC has recently delivered to UKIRT, MICHELLE, an Echelle 
based imager and spectrometer. MICHELLE operates in the 8-28 pm 
wavelength range, has 5 different gratings, a resolving power of R=100- 
30000 and is interchangeable between UKIR'f and GEMINI. The detector is 
from Raytheon and is the CRC-774 device, which is described below. 

4.1 CRC-774 mid IR detector specification 

• Si :As device - Impurity Band Conduction 

• 320x240 pixels (50 pm) 

• < 1 0 K operation 
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• >100 Hz frame rate 

• Switchable wells from 6- 1 0 6 -25- 1 0 6 e 

• Gated Pixels 

• QE> 40% 

• On board CDS circuitry, non destructive readout also possible 

There are two very important features of this device. The first is 
switchable wells that allow the user to operate in the low background, array 
read noise limited regime and in the high background noise limited regime, 
all from the switch of a bias voltage. The second is that the gated pixel 
function also allows very short exposure times, which are only limited by the 
controller cloek tick period. 

The array has on board circuitry to allow removal of the "kTC” noise by- 
performing a correlated double sample, controlled by the clocking. Non 
Destructive Readout can also be implemented as is described below. 

4.2 CRC-774 Non Destructive Readout 

In stare mode, each pixel in the array is multiplexed together with the 
other pixels in the same column. When a row is selected, the output from 
each pixel is connected to the other side of a clamp capacitor. The other side 
is fixed at a clamp bias voltage. When clamp is removed it leaves a 
difference between the signal and clamp on the capacitor. There is one clamp 
per column; and this clamping action is happens in parallel for every 
column. The pixel is then reset. This brings the pixel output to the reset 
voltage. However the other side of the capacitor is floated to a voltage set by 
the reset voltage, minus the signal. This inverts the signal and also subtracts 
the reset voltage from the signal, thus removing the reset "kTC" noise. 

The resetting of the pixels is an integral part of the conversion of the 
signal from the pixel to the outside world. However, this is not compatible 
with the method of non destructive reading in which we do not want to reset 
them eaeh time we read them. The solution to this conundrum is to sacrifice 
the first row. On every' frame, the first row is reset. Then, by manipulating 
the clocks it is possible to put a clamp voltage across the capacitor on the 
first row and then retain it for the remaining rows (see Fig. 4 for more 
detail). This has three main effects: 

• The first row has to be sacrificed in the reset process. 

• There is a level shift across the array as the voltage on the clamp 
capacitor slowly leaks away. This effect is small and the slope is 
removed in the slope fitting process. 

• The signal is inverted with respect to the stare mode, that is, the 
array signal integrates down aw'ay from zero volts. The software 
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must take this into account when switching between stare and non- 
destructive readout. 






Figure 4. CRC-774 Non Destructive Readout Scheme. 



4.3 Characteristics of the CRC-774 Detector 

Our device was one of the very first devices produced by Raytheon and 
hence suffered from problems which we hope are not evident in later 
devices. These problems are too complex to describe in complete and are 
only to summarized. 

We had problems with the array stability, thus taking many hundreds of 
frames to settle the array. We also had an "excess noise" problem that was a 
function of signal on the array and in excess of the signal shot noise. This 
was associated with resetting the array, as the excess noise was less of a 
problem in the non destructive read out mode of operation. 



238 



Derek Ives, Nagaraja Bezawada and Maureen LI /is 



5. The Sub-Millimetre. 

We are building a replacement for SCUBA at the JCMT (James Clerk 
Maxwell Telescope) that will use arrays of Transition Edge Sensors ( ITS) 
instead of the more commonly used feed horn and NTD bolometer 
configuration. The number of pixels will rise from approximately 120 to 
12000. This is only possible because the TES devices can be made using 
micro-machined silicon structures. The ITS pixels will be hybriscd to a 
SQUID multiplexer. This work is being done in partnership with NIST, 
Boulder, Colorado and the Universities of Edinburgh and Cardiff. 
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Abstract: The construction of the GTC (Gran Telescopio Canarias) on La Palma. 

Canary Islands, is well under way with first light planned for October 2003. 
All subsystems are developed and are now in the fabrication or commissioning 
phase. Apart from the suite o f instruments, this paper discusses the design and 
procurement of the CCD camera systems, which are designed for the close- 
loop active optics and the acquisition and guiding purposes of the telescope 
(wavefront sensors and guiding cameras) and for in-house developed scientific 
instrumentation. Furthermore, we describe our test bench facility for CCD 
evaluation up to surface sizes equivalent to a 4Kx4K. 15 urn detector. 



Key words: 



Gran Telescopio Canarias (GTC). Charge-Coupled Device (CCD), guiding, 
instrumentation, controller 



1. Introduction 

The Ciran Telescopio Canarias (GTC) is a 10.4-m tcleseope with 36 
individually controlled primary mirror segments. It is equipped with 8 focal 
stations, of which the 2 Nasmyth foci will first come into operation. 

Construction work on the telescope and the observatory facilities on La 
Palma started in 1999 and is progressing well. First light is planned for 
October 2003, followed by a one year period of telescope commissioning. 
Scientific operations will start in October 2004 (Day 1) with a range of 
instruments coming on-line, spanning the wavelength range from visible to 
the mid-IR. The instruments are designed as multi-purpose imaging 
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spectrographs to be able to cover a broad range of observing programs and to 
maximize the scientific return of the telescope from the beginning. 

The GTC will, furthermore, be equipped with a powerful yet compact 
acquisition, guiding and wavefront sensing system, ealled GUAC'AMOLE 
(described in detail in [I ]), to be installed as a module at each focal station. 

In 1999, the Instrumentation Group at the GTC Project Office, hereafter 
PO, started with the design, procurement and fabrication of the CCD camera 
systems for the GTC, including the installation of a CCD test bench facility 
as the test bed for detector evaluation and the performance of the final 
systems. 

2. GTC Instrumentation 

Preliminary designs for the scientific instrumentation were carried out in 
1999, just in the time to write an article for the last ESO Detector Workshop 
[2]. Initially three scientific instruments, OSIRIS, CanariCam and EMIR, 
where funded to be built by external research institutions. More detailed 
information about the different instruments can be found in several SPIE 
publications [3, 4, 5]. In October 2000, the GTC Project Board approved an 
additional instrument, ELMER, as a contingency action to be developed in- 
house. This instrument follows a low risk, low budget concept to have a 
simple but highly efficient instrument with a guaranteed delivery date to be 
put into operation in case of arrival delays of the more complex instruments. 
A detailed description of ELMER can be found in [6], Table 1 gives a short 
overview of the currently funded instrumentation. 



Table /. GTC instrumentation overview. 



Scheduled 

for 


Instrument 


Leading 

Institution 


Design 


Range 

l |im l 


Detector 


First Light: 
October 2003 


A&G system 
(GUACAMOLE) 


GTC PO 
(Spain) 


Imaging. 

Wavefront 

Sensing 


VIS, 

0.38-1 


Marconi 47-20, FT 
lKxlK. 1 3pm. and 
Marconi 39-01, FT 
80x80. 24 gm 




Commissioning 

Instrument 


IA-UNAM 

(Mexico) 


Imaging. 

Wavefront 

Sensing 


vis, 

0.38-1 


Marconi 47-20, FT 
IKxlK. 13 gm 


Day 1: 

October 2004 


ELMER 


GTC PO 
(Spain) 


Imaging. 

Spectrograph 


VIS, 

0.36-1 


Marconi 44-82, 
2Kx4K. 15 gm 




OSIRIS 


IAC 


Imaging. 


VIS, 


Marconi 44-82 or 






(Spain) 


Spectrograph 


0.36-1 


MIT/LL CC1D-20, 
Two 2Kx4K.I5 gm 




CanariCam 


Univ. of 

Florida 

(USA) 


Imaging. 

Spectrograph 


mid-IR. 

8-24 


Raytheon Si:As IBC 
array. 320x240. 50 
gm 


Day 2: 


EMIR 


IAC 


Imaging. 


IR. 


Rockwell IIawaii-2 


July 2006 




(Spain) 


Spectrograph 


0.9-2.5 


FPA. 2Kx2K. 18 gm. 
HgCdTe 









CCD Camera Systems for the GTC 



241 



Table 2 compares the main characteristics of each scientific instrument. 



Table 2. Main characteristics of scientific instruments. 



ELMER 


Imaging spectrograph. Visible (0.365 - 1.000 pm) 


Features: 


broad and narrow band Imaging; long slit, slit-less and Multi-Object 
Spectroscopy; Fast Photometry & Spectroscopy; Charge Shuffling 


Pixel FOV: 


0.195" (square) 


max. FOV: 


3.0' x 3.0' (4.2 aremin circular) 


Resolution: 


200- 1500 


OSIRIS 


Imaging Spectrograph. Visible (0.365 - 1.000 pm) 


Features: 


broad and narrow band Imaging; long slit and Multi-Object Spectroscopy; 
Fast Photometry & Spectroscopy; Charge Shuffling & Tunable Filters 


Pixel FOV: 


0.125" (square) 


max. FOV: 


8.5'x 8.5" (Imaging). 

8.0' x 5.2' (Spectroscopy) 


Resolution: 


250 - 2500 


CanariCam 


Imaging Spectrograph. mid-IR (8-24 pm) 


Features: 


diffraction limited Imaging; long slit Spectroscopy; Coronagraphy; 
Polarimctry 


Pixel FOV: 


0.095" (square) 


max. FOV: 


0.42' x 0.32' 


Resolution: 


60- 1300 


EMIR 


Imaging Spectrograph, IR (0.9 - 2.5 pm) 


Features: 


broad and narrow band Imaging; long slit and multi-slit Spectroscopy; Fast 
Photometry & Spectroscopy 


Pixel FOV: 


0.2" (square) 


max. FOV: 


6.0' x 6.0' (Imaging), 

6.0 x 4.0* (Spectroscopy) 


Resolution: 


1300-4250 



3. Detector System Designs and Procurement 

In 1999 the GTC PO had already started the procurement of the scientific 
detectors and controllers for instrumentation and acquisition and guiding 
(A&G) purposes to ensure the scheduled availability of the detector systems 
to the instruments and avoid putting the systems onto a critical path due to 
delivery delays. 

We envisioned a single standard controller which would interface to our 
control system to cover the detector system needs from the visible to the 
infrared. These intentions failed, and due to the different requirements of 
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each sub-system we ended up with currently three different controller 
systems to maintain. 

3.1 CCDs and CCD Controllers 

CCDs are used as detectors in two of the scientific instruments and for all 
the A&G cameras. 

3.1.1 Optical Instruments 

The main requirements for the first optical instrument. OSIRIS, had been: 

• High speed, very low noise amplifiers 

• Large form factor (4Kx4K, 15 pm) 

• Very good cosmetic quality 

• High overall quantum efficiency with optimization in the red 

• Low fringing 

• Very good Harness 

• Frame-transfer capability 

• High line shift rates 

• Very good transfer efficiency 

To fulfill the requirements without too many compromises, the PO 
decided to obtain a mosaic of 2Kx4K, 15 pm CCDs built on high-resistivity 
silicon (high red response, low fringing) with about 40 pm thickness for the 
instrument. Due to availability we chose two main suppliers for these 
detectors, MIT Lincoln Laboratory (via the University of Hawaii 
consortium) and Marconi Applied Technologies, hereafter Marconi 
(formerly LEV, now E2V Technologies). 

Initial problems with the detector development at MIT/LL seem to have 
been resolved, and we are hopeful, after the delivery of a single engineering 
grade CCID-20, to receive our first science grade devices soon. 

The contract with Marconi has suffered slight delays, but nevertheless we 
are very satisfied with the momentary delivery status having received the 
first two science grade CCD44-82 devices early this year and expecting the 
final delivery in August. These detectors will be tested soon, and we are 
trustful that they will fully comply with the specifications. 

The in-house instrument, LLMLR, as the second instrument operating in 
the visible range, will be equipped with a single Marconi CCD44-82 as a 
result of availability and simplicity. The cooling system is a LN 2 bath 
cryostat built by the French company SNLS under license from ESO 
(cryostat design by Jean-Louis Lizon, ESO). Both optical instruments will 
use a San Diego State University Generation II controller (SDSU-II) with a 
parallel timing board interfacing over a RS-422 cable to a commercial frame 
grabber. An article of the OSIRIS team within this publication [7] describes 
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this particular data acquisition system in more detail. DSP programming of 
the observing modes is done by Francis Beigbeder (Observatoire Midi- 
Pyrenees). 

3.1.2 Acquisition and Guiding System 

The A&G system of the GTC has to fulfill four different purposes: (1) 
object acquisition. (2) slow and fast guiding, (3) wavefront sensing for open 
and close loop active optics, and (4) seeing monitoring. These functionalities 
were grouped into three different CCD camera systems mounted on two 
articulated arms, w'hich are versatile throughout the telescope focal plane. 
For the camera systems w'e needed tw'o types of detectors, one with a 
reasonable area and resolution, and one with a relatively small area but high 
frame rates. Constraints were: electronic shuttering, fast readout, high 
quantum efficiency, low' noise and low dark current. After a market survey 
we finally decided on Marconi as the provider and ordered several CCD39- 
01 (80x80, 24 pm pixels, SFT, four outputs, thinned, NIMO, broadband 
coating) and CCD47-20 (lKxlK, 13 pm pixels, FT, four outputs, thinned, 
A I MO. midband coating) detectors mounted in the Marconi 2-stage Peltier 
package. All detectors are delivered now' and undergoing testing at the PO. 
Initial results show' a good match to the manufacturer's specifications. 

Since mechanical constraints required a very compact and light weight 
controller system with even smaller, remote CCD heads able to operate in 
changing ambient conditions (T imb = -2 °C to 19 °C, RH= 2% to 87%), the 
initial idea of copying the A&G controller system developed for Gemini was 
replaced by a proper design, more adapted to our needs. Our A&G controller 
is now' based on the Guider Camera for Magellan (see [8]) with upgrades 
made at the PO (sec [9]). The controller weights 3 kg including a heat 
exchanger and measures 270 mmx!20 mmx 1 15 mm in size. It can operate 
up to four channels simultaneously w'ith max. 400 Kpix/sec and 14-bit A ; D 
conversion. The controller is connected to the Control System by a 30 m, 25 
Mbits/sec, serial LVDS link to a PCI interface board. Anticipated frame rates 
are about 200 Hz for the CCD39-01 and 1 Hz for the CCD47-20. Eleven 
units of the controller are now in the last stages of manufacturing at the I AC 
workshop and are partly already under test at the PO. The remote CCD 
heads are able to operate the detectors at a fixed temperature of about -35 °C 
and are separated from the controller by 1.5 m. 'They are fabricated at the 
Spanish company NTE, S.A. and are being finished now too. 

3.2 IR array detectors and controllers 

There are two instruments for the GTC operating in the infrared 
wavelength range, CanariCam in the mid-IR (8-24 pm) and EMIR in the IR 
(0.9-2. 5 pm). Management, procurement and testing of the mid-IR detector 
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system (array and controller) arc being handled directly by the C'anariCam 
team of the University of Florida. A Raytheon Si:As BIB array (320x240. 50 
gin pixels) has been obtained for the instrument and will be operated by an 
MCE-4 designed by Kevin Hanna (University of Florida). 

For EMIR, the Project Office ordered at an early stage a Hawaii-2 FPA 
from Rockwell foreseeing the delivery delay. Nevertheless, the multiplexer, 
engineering and science grade detectors have now arrived and are under test 
by the EMIR team at the I AC [10]. 

4. CCD Test Bench Facility 

Our CCD test bench was designed as a multi-purpose facility fulfilling 
the following requirements: 

• Peltier and cryogenically cooled detector systems 

• Stabilized light source (good short and long term stability) 

• High throughput from UV to NIR 

• Homogeneous illumination over at least 90 mm diameter circular 
FOV (detector sizes up to 4Kx4K, 15 pm including mosaics) 

• Target imaging with pure reflective optics (no chromatic 
aberrations) for MTF measurements 

• For visual inspections 

• Test procedures fully automated 

The requirements let to a simple and compact design using an arc lamp 
(Xenon or Mercury) with a close loop intensity control as illumination 
source. Choosing one of 12 interference filters with 10 nm bandwidth in a 14 
position filter wheel docs the wavelength selection. The current filter set 
covers the visible wavelength range from 350 nm to 990 nm. To reduce stray 
light blocking filters precede these filters. The color beam enters a 12 in 
integrating sphere, which produces a 4 in (101.6 mm) diameter 
monochromatic flat field at its output. A motorized diaphragm and iris 
shutter controls illumination flux and exposure times, respectively. 
Throughput is also high at the UV and NIR end of the spectrum due to the 
availability of lines in the arc lamp spectrum. Figure 1 shows a photo of the 
whole system. 

All components are under PC control operated via RS-232 with National 
Instrument's LabVIEW™ drivers. Automated test procedures for all standard 
CCD tests such as QE, dark current, linearity, read out noise, full well, 
transfer efficiency, etc., are currently being written. The transfer optics for 
target imaging have been developed and will be added to the facility soon. 
Plans are to add a Fe 55 source in the future to be able to accurately determine 
system gain and CTE defects. 
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Figure I. CCD lest bench al GTC Project Office Laboratory. 
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Abstract: Visible and IR detector systems in use are reviewed. In progress are a wide 

field 2Kx2K IR Imager for the 4m BUtnco telescope and a 4Kx4K CCD 
Mosaic for the new 4-m SOAR telescope. New projects include exploring 
visible-range AO options for SOAR and active collaboration with 
NOAO/Tucson in the development of the next-generation Image Acquisition 
System. 

Key words: detectors, optical. Infrared (IR), imager. SOAR, Infrared Side Port Imager 

(ISPI), MONSOON. Adaptive Optics (AO) 



1. Present Status 

1.1 Optical detectors in use at CTIO 

Optical detectors in use at CTIO and their applications [1] are 
summarized in Table 1. All scientific CCDs in use are thinned and all are 
still operated by Arcon controllers developed at CTIO. 

1.2 IR detectors in use at CTIO. 

The IR detector in use at CTIO [I] is the Rockwell HAWAII- 1 . It is 
used on two Ohio State Instruments: the OSIRIS Imaging Spectrometer used 

i CTIO is a division of the National Optical Astronomy Observatories, operated by AURA 
Inc., under cooperative agreement with the National Science Foundation (NSF). 
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on the Blanco 4-m telescope and the Andicam Optical/IR Imager at the 1-m 
Yalo telescope. 

The HAWAII- 1 HgC'dTe focal plane array covers the 1-2.4 pm 
wavelength range. It is operated near 77 K and some of its specifications arc 
as follows: 

• 1024x1024 format. 

• Array has 4 output amplifiers, each reads out one quadrant. 

• 1 8.5 pm square pixels 

• Readout noise is 15 e 



Table /. A summary of the optical detectors currently in use at CTIO. 





SITc ST002A 


SITe 

S1424AB 

TK2048EB 


Loral 3K 


Loral 1 K 


Loral 2K 


Format 


2KX2K 


2KX2K 


3KX1K 


1200x800 


2KX2K 


Pixel Size 


ISpmxlSjim 


24pmx24|im 


I5pmxl5um 


I5pmxl5|im 


I5umxl5um 


Amplifiers 

Used 


2 (Mosaic) or 
1 (Hydra) 


2 (SI424AB) 
or 4 

(TK2048EB) 


1 


1 


2 


Readout 

Noise 


ea 


mm 


7 c- 


6 c’ 


mm 


Comments 


3-sidc- 

abuttablc 85% 
QE. 6000 A 


MPP-modc 

used 


UV flooded 
for high QE 


UV flooded for 
high QE 


Used on 
Andicam 
(optical and 
IR imager 
made by 
OSU) 


Hydra: 6 c' 
RON @ 60 
Ke FW 
or 

3 o' RON @ 
15 Ke FW 


SI424AB: 80 
pins 


75% QE at 
3500 A 


93% QE at 
6000 A 


TK2048EB: 
68 pins 


Applications 


8Kx8K 
Mosaic PF 
Imager 


Imaging and 
Spectroscopy 


Spectroscopy 
at 4-m 
telescope CF 


Spectroscopy at 
1.5-rn telescope 
CF 


Imaging (1-m 
Yalo 

telescope) 


Hydra fiber 
fed MOS 
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2. Projects in Progress 



2.1 The SOAR Optical Imager. 

A high resolution Optical Imager (sec Fig. 1) [1-3] is being developed at 
CTIO as the commissioning instrument for the 4.2-m SOAR telescope on 
Cerro Pachon, a 2700 m high mountain sited 10 km eastwards from C'erro 
Tololo. The SOAR telescope is designed for high-resolution imaging and 
moderate field imaging spectroscopy. Tip-tilt-correctcd best image sizes of 
0.24" are expected over its 6x6 aremin field. 



SOAR Optical Imager. 
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Figure I. The SOAR Optical Imager 

The Imager will be mounted at one of three bent Cassegrain ports on the 
telescope elevation ring. The light beam is sent to the Imager by the tertiary 
mirror, which directs an f/16 beam to either of two Nasmyth or three bent- 
Cassegrain foci. The Imager optics is designed to work down to atmospheric 
cutoff and incorporates a Linear Atmospheric Dispersion Corrector (ADC) 
and an f'16 to f/9 focal reducer to generate a 0.08"/pix seale for 15 pm CCD 
pixels. 

The Imager incorporates its own instrument rotator: two filter wheels 
with five positions each and a shutter. A pick-off mirror is included to allow 
light to be fed to an external tip-tilt guide camera. Two Lincoln Labs CCID- 
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20 detectors configured as a 4Kx 4K minimosaie are housed in a dewar 
which can store 6 liters of LN2 . The dewar has a hold time of near fifty 
hours and weighs 24.5 kg filled with LN2. The two CCID-20 CCDs will 
include the MBE backside treatment and a two layer AR coating for high 
QE. The minimosaic CCDs are operated by a SDSU-2 controller, which 
includes two video boards, one clock board, one timing board and one utility 
board. The controller is connected via a 0.5 m shielded cable to the hermetic 
connectors on the dewar. Similarly a SDSU-3 controller will operate the tip- 
tilt guider sensor, a CCD39-01 made by Marconi. Each controller uses a 
heat exchanger fitted with two glycol lines for cooling. 

The general specifications for the CCID20 detectors are: 

• Format: 2048 40%. 3-side-abuttable 

• Pixel size: 15 pm x 15 pm 

• Full well 150 Ke‘ 

• 2 channels, output responsivity 10-15 pV/c.' 

• RON = 2-2.5 e @ 1 00 Kpix/scc. 

• High resistivity bulk silicon (7000 O-cm) thinned to 40 pm 

• Red QE boost and less fringing due to larger thickness 

• Back-illuminated but not MPP 

• AR coated (blue optimized), backside treated with MBE process 

• CCD is epoxy glued on top of a stack of three slabs of aluminum 
nitride which get clamped onto a molybdenum mount 

Each of the CCID-20s is epoxy bonded to a sandwich of three slabs of 
aluminum nitride - with excellent thermal conductivity and good CTE match 
to Silicon- which get clamped onto a molybdenum piece machined to ensure 
co-planarity of the two CCDs. The nominal separation between the two 
CCDs of the mini-mosaic is 0.5 millimeters. Signals from each CCID-20 are 
brought out by w<ay of a Ilex circuit to a 37 pin micro-D-connector and then 
wired to two 4 1 pin hermetic connectors. 

The Imager uses the ArcVIEW software package [4]. This is a 
LabVIEW based instrument control system originally developed under a 
contract w'ith Imaginatics. The LabVIEW graphical user interface runs in a 
Linux environment on a PC. The ArcVIEW structure is based on a 
Client/Server scheme. Instrument control or observing scripts can be written 
in almost any scripting language including IRAF cl, UNIX esh, tel, etc. 

Silvcrmax™ motors are used to move all the mechanisms except for the 
tw'o filter wheels. Silvcrmax™ motors are smart, are fed high level 
commands over an RS-485 link and are also controlled by a LabVIEW 
program. The shutter is a special design that includes a blade that closes in 
the same direction as it opens. The shutter is fast and has a very low' profile 
design that fits in a space of only five mm. Minimum exposure time is 108 
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msec and the exposure time error over the whole detector field is less than I 
msec. 



2.2 An IR Imager for the 4-m Blanco telescope. 

The Infrared Side Port Imager, ISPI (eye-spy, see Fig. 2), provides wide 
field, moderate spatial resolution imaging at the Blanco 4-m telescope and 
will fit at F/8 focus on a sideport [1,3,5]. It is one component of a fixed 
instrument complement for future Blanco operations. The others are the 
Prime Focus MOSAIC for optical imaging, and Hydra for multiobject optical 
spectroscopy. 



ISPI 




Figure 2. The Configuration of the ISPI. 



ISPI provides 1-2.5 pm imaging with a LN2 cooled 2Kx2K HAWAII-2 
HgCdTe array from Rockwell Scientific. With 0.6" two-pixel sampling 
matched to f78 IR image quality, ISPI covers a 10'xlO' field. Like the SOAR 
Imager, ISPI will use a Leach SDSU-2 controller with software written in the 
LabVILW environment, under LINUX. 

The design separates into two halves with separate cryogen tanks that 
surround the optical path. The fore dewar has the entrance window, 
collimator, and filter wheel assemblies. The aft dewar holds the camera and 
detector assemblies. The dewars join to form a common vacuum envelope. 

Some of the HAWAII-2 specifications are as follows: 

• 2048x2048 HgCdTe. 

• Spectral response from 0.9-2. 5 pm. 

• 18 pm Pixel Pitch. 
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• Four independent quadrants, each read out by way of one or eight 
outputs. 

• Signal conversion gain 3-6 mV/e' 

• RON = 1 5 e' nominally. 

• Full well 100 Ke\ 

The decision to implement the option of reading each quadrant through 
only one output amplifier was adopted after deciding that in this operation 
mode dark current, read noise and well capacity are all satisfactory for our 
imaging application. 

The software design for ISF1 is adapted from the vendor-supplied 
Arc VIEW [4] software package for the SOAR Optical Imager. Since ISPI 
will operate on the Blaneo 4-m telescope, large pieces of software already 
exist for telescope communication and motor control. 



3. Future Projects 



3.1 Monsoon 

As part of a collaborative effort to develop Monsoon [6], the new Image 
Acquisition System for NO.AO, CTIO is handling the design of the 1R Clock 
and Bias board. This board will generate a minimum of 32 bi-level clocks, 
with a 12 V to -12 V output amplitude and a slew rate no less than 20 
V/msec. Also, 36 bias normal plus 8 fast varying bias voltages will be 
generated by this board. The fast bias voltages provide a DC voltage that 
can be modified in a way similar to clocks. Clocks, biases and fast biases are 
generated with 8-bit serial DACs. The output voltage range for all IR biases 
is +10 V to -10 V. 12-bit ADCs will be employed to provide telemetry of 
signals right before they leave the board: the clock and bias voltages as well 
as the current level for each of the bias signals. Each signal leaving the 
board is preceded by an analog switch in series with it, so signals to be fed to 
the detector are only enabled if the telemetry confirms that they are within 
the specified voltage range. As an additional convenience the clock signals 
will also be made available for oscilloscope inspection via a connection. 

3.2 SOAR AO. 

A concept study of an Adaptive Optics (AO) implementation for the 
SOAR 4.2-m telescope is in progress [7], The 8-m Gemini-South telescope 
operates next to the SOAR telescope site. If both 4-m and 8-m telescopes 
are equipped with AO systems, diffraction-limited resolution at the 8-m 
would be 2 times higher, and sensitivity 4 times better than at SOAR. 
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Gemini AO will be only available in the near 1R. SOAR will have a unique 
scientific niche in the visible-range AO. 

Optical AO possibilities for SOAR are being studied. Two cases are 
being analyzed. The first option converts nights of average seeing into 
nights of excellent seeing by using UV-Rayleigh laser guide stars to get 
seeing improvement over a moderate 3' field of view. The second option is 
to use bright natural guide stars -and at a later date possibly Na laser guide 
stars- to attain diffraction limited imaging over a small field of view. 

The basic AO configuration includes a deformable mirror that is 
employed to correct the deformations detected by a wavefront sensor. 
Detector options -with low' readout noise, 64x64 to 128x128 formats and 
frame transfer capability- to implement a wavefront sensor wdth a capability 
to read out up to 1 000 frames/sec for bright stars are being explored. 
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STRANGE HAPPENINGS IN THE DUNGEONS 

A new detector group at Caltech 



Roger Smith 

Department of Astronomy, California Institute of Technology (Caltech) 



Abstract: In anticipation of the 30-m California Extremely Large Telescope (CELT), 

Caltech is increasing its depth of expertise in instrumentation, adaptive optics 
and detectors, to a level not seen for many decades. A single detector group 
will address both optical and IR needs for science and wavefront sensors with 
common technology wherever possible. Die team is deploying several cameras 
on Palomar Mountain, and is beginning work on the Keck IR Multi-object 
Spectrograph. Development projects include testing low-noise amplifiers for 
IR adaptive optics and testing the 32-channel ASIC for the Rockwell Hawaii- 
2RC. 



Key words: astronomical detectors. CELT 



1. The Caltech You Know 

The California Institute of Technology is a small university with a 
comparatively large budget, which focuses on research, while cultivating the 
next generation of leading researchers. It was founded by an astronomer 
(Hale), a physicist (Millikan), and a chemist (Noyes). Each left his mark on 
the direction of research, though the university has diversified and excelled 
in molecular biology, geology, medicine and engineering. It is the parent 
institution for NASA's Jet Propulsion Laboratory. 

In 2002, 15% of the 3365 applicants were accepted as undergraduates. 
The student population is very 1 small, 900 undergraduates and 1100 
graduates, especially in relation to the 350 faculty, who in turn are supported 
by 2,580 staff. The 29 Nobel prizes awarded to Caltech graduates and 
faculty attest to the success of this mix. 
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Apart from cultivating researchers, a high priority has always been the 
funding of state-of-the-art research equipment, made possible through very 
generous donations. In the late 1930's and 40's the 5-m Palomar Telescope 
was constructed without the aid of computers or many other modern 
technologies, yet it remains a competitive facility today, thanks to a 
continuing investment in instrumentation, detectors and adaptive optics. 

Caltech has provided half of the funding for the Keck 10-m telescopes, 
and has built several heavily used instruments for Keck, which include two 
Near IR Cameras and the (optical) Low Resolution Imaging Spectrograph. 

The Caltech board of trustees not only wishes to continue the tradition of 
big science on big telescopes, but they believe they can raise the money for 
(a significant share of) a 30-m telescope dubbed the "California Extremely 
Large Telescope” (see Fig. 1). A team of experts drawn from Caltech and 
UCLA has prepared a design study for CELT called “The Green Book.” This 
has been favorably reviewed by an external committee of experts, so that 
funding for the preliminary design review level is now possible. Estimates 
for the DPR (Design Phase Run) to approximately S60M. 




Figure I. The California Extra Large Telescope, to scale. 





Strange Happenings in the Dungeons 



257 



2. New Creatures in the Dungeons 

Caltech's level of technical involvement in the development of the Keek 
teleseopes was insufficient to build the standing army of technologists 
needed to initiate such a project like the CELT 30-m. Caltech did 
successfully build a number of major instruments for Keck whieh are very 
heavily used, such as the Near IR Cameras I and II, and the Low Resolution 
Imaging Spectrograph and its various upgrades. However this was done by a 
small band of hardy engineers directed by astronomers who visited from the 
upper floors and then continued their research. The emphasis was on 
building particular instruments rather than the acquiring infrastructure and 
cultivating the pool of expertise necessary to take on larger projects. 

Nothing much appears to have changed above ground. This sensation is 
enhanced by the old bronze lanterns, medieval vaulted ceilings and exquisite 
drawings of the Palomar 200-inch by Russell Porter, which date back to the 
1930’s. 

However, at the instigation of the Division Chair and the new Palomar 
Director, key technical staff have been hired with experience in telescope 
design (Steve Padin) and control systems (Doug McMartin), adaptive optics 
(Richard Dckany), instrumentation (Keith Taylor), and detectors (the 
author). The most recent additions to the instrumentation group arc a 
programmer (Marco Bonati), electronics engineer (Dani Guzman), a contract 
optical designer, and administrator/web-master. Positions are open for an 
instrument scientist, several mechanical engineers and an optical engineer. In 
total, fifteen new positions are to be filled in the next 12 months. 

To accommodate this growth, the lower levels of the Robinson Building 
are being refurbished. The basement is already full with postdocs, graduate 
students, and Palomar administration, so the engineering group is being 
housed in the sub-basement, while 20,700 photographic plates are being 
moved to Palomar Mountain to make room for laboratories in the sub-sub- 
basement. As yet, no one occupies "the pit” which extends 3 or 4 floors 
further down, beneath the solar telescope. This ensures that there will be no 
shortage of dark rooms for detector testing. 

3. THE DETECTOR GROUP 

The detector group has very wide ranging goals, including the 
consolidation of technology and sharing of expertise between optical and 1R 
detectors, both for scientific and wavefront sensors. The group will 
undertake the procurement, characterization, and detector deployment for 
Palomar. Keck and CELT 
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3.1 Projects Near Completion 

3.1.1 Keck I: LR1S - New Blue Camera 

The blue arm of the Low Resolution Imaging Spectrograph was recently 
upgraded with a 4Kx4K mosaic of blue-optimized Marconi CCD44-82 
CCD's and Leach-2 controller, offering not only a large increase in blue 
response but faster readout and lower noise. (May 2002) 

3.1.2 Hale 200-inch: Double Beam Spectrograph upgrade 

Blue optimized Loral 2688x512 CCD. Lesser thinned, UV-flooded. Fred 
Harris' CCD controller circa 1985. (Sep 2002) 

3.1.3 Hale 200-inch: Wide-Field Infrared Camera (VV IRC) 

Deploy a HAWAII-2 array in this prime focus 1R imager built by 
Cornell. Leach-2 controller, ArcView software. (Sep 2002) 

3.2 New Instrumentation Projects 

3.2.1 Keck IR Multi-Object Spectrograph 

The most significant new instrumentation project at COO is the Keck IR 
Multi-Object Spectrograph (KIRMOS). This S12M, six-year project will 
deliver a fully cryogenic imaging spectrograph to Keck with interchangeable 
cold slit masks, mapping a 4Kx4K Rockwell HgCdTe mosaic into an 1 1' 
field. The detector component of this project will be a collaborative effort, 
with UCLA procuring and characterizing the detector, while Caltech will 
supply the 128-channel electronics and software, most probably in the form 
of fully characterized ASIC’s. (FDR 2004) 

3.2.2 Hale 200-inch: PISCO 

Detector electronics and software for the Falomar Infrared Spectrograph 
with Cross-dispersed Optics (PISCO). A HAWAII 1 Kx 2K detector will be 
used for the science channel and a HAWA11-1K for imaging and guiding. 
Leach-2 + Arc View, (in planning) 

3.2.3 Hale 200-inch: Large Format Camera Upgrade 

Upgrade software (to ArcView) and attend to some noise and reliability 
issues in the 6-CCD prime-focus mosaic camera. 

3.2.4 Falomar 60-inch: Multi-Band Camera 

Simultaneous G, R, 1 and Z band imager for remote observing of 
transient phenomena, particularly Gamma Ray Bursts detected by the 
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SWIFT satellite. SITe 2Kx2K CCD, Leach-2 electronics + ArcView 

software, (in planning) 

3.3 Development Projects 

3.3.1 Controller development 

We are participating in the ASTERIOD consortium and collaborating 
with the Monsoon project at NOAO to develop flexible and scalable detector 
control electronics and software. Maximum commonality is sought between 
the full range of IR. optical scientific and technical detector systems. We are 
likely to contribute mainly to software while providing review and testing of 
hardware. 

3.3.2 Controller ASIC evaluation 

Integrated circuits incorporating the entire electronics for operating 
detectors not only promises to save commissioning costs and simplify 
maintenance, but can offer new speed-performance options through highly 
parallel readout, with important implications for large IR focal planes, ultra- 
low-noise spectroscopic detectors and very low-noise high-speed adaptive 
optics sensors. These are all very relevant issues for CELT, so w'e will be 
evaluating controller ASIC's as they become available. Caltech has 
contracted Rockwell to package the 32-channel ASIC separately from the 
HAWAII-2RG, and will begin testing samples in conjunction with a science- 
grade H2-RG multiplexer at the end of 2002. Related integrated circuits such 
as clock buffers and amplifiers will be tested for cryogenic performance. 

3.3.3 AO sensor evaluation 

Caltech has contracted with Rockwell to develop very low-noise 
amplifiers for IR sensors which could be used for adaptive optics. The 
detector group will be testing these when they become available late this 
year. 

3.3.4 New laboratories 

About 1200 sq.ft, of the sub-sub-basement is being fitted out as 
electronics and detector labs, including clean room, cryogenic and vacuum 
support and dark rooms. Work is planned to improve detector 
characterization facilities such as an automated QE tester for optical and IR, 
automation of linearity, variance and ADC DNL tests, laser profilometer for 
measuring focal plane flatness, spot scanner to measure intra-pixel response 
and CCD alignment, large format projectors and so on. 
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The participants could visit Captain Cook ‘s monument on British soil! 
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Abslracl: The National Optical Astronomical Observatory • (NOAO) has an ambitious 

long-range plan to support US astronomical research efforts. This plan 
includes large-scale new facilities such as LSST. GSMT. and NVO. as well as 
instrumentation development programs, and continuing efforts in detector 
research and dex elopment. This paper serves to provide a brief overview' of 
the NOAO observatory' plans. 



Key words: Charge-Coupled Device (CCD). Infrared HR). Focal Plane Assembly (FPA) 

mosaic, data acquisition, imager. MONSOON. Large Synoptic Survey 
Telescope (LSST). One Degree Imager ( ODI ). NOAO Extremely Wide-Field 
Infrared Imager (NEIVFIRM). ORION, observatory. 



1. Introduction 

The stated mission of NOAO is “to enable research and discovery in U.S. 
ground-based astronomy and promote public education, understanding, and 
support of astronomy and related sciences”! I ] The current long-range plan 
states that NOAO will: I) support the use of state-of-the-art facilities, such 
as Gemini; 2) undertake the next generation of forefront facilities; 3) 
develop an integrated national observing system and work with the 
community to achieve a robust instrumentation capability; and 4) foster an 
environment in which the integration of astronomical research with public 
outreach and education is a routine part of daily activities and staff 
responsibilities. NOAO is strongly influenced by the recent Astronomy and 
Astrophysics Survey Committee (AASC) report [2], often referred to as the 
Decadal Survey. In the Decadal Survey are detailed a range of new 
initiatives such as the LSST, GSMT, TSIP, NVO and other efforts. NOAO 
is to play a key role in all these efforts. 
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2 . Detector Research and Development 

NOAO is continuing its long-standing role as a center for detector 
research and development. One of the ongoing efforts is the development of 
a next-generation 2Kx2Kxl-5 pm InSb focal plane assembly (FPA) known 
as ORION (see Fig. 1). ORION is an extension of the successful Aladdin 
lKxlK program with Raytheon Infrared Operations (RIO) in Santa Barbara, 
formerly known as SBRC (Santa Barbara Research Center). ORION is a 
collaborative effort amongst NOAO, the U.S. Naval Observatory, and 
NASA Ames Research Center. 




Figure I. The ORION focal plane assembly. 

Efforts are also on going in the OUV where NOAO is collaborating with 
the Lawrence Berkeley National Laboratories (LBNL) and Lick Observatory 
in the evaluation of high-resistivity deep depletion CCDs. 

NOAO, in collaboration with Steward Observatory and Lucent 
Tecnologies Bell Labs, is in the process of specifying and evaluating optical 
detector technologies for the LSST [3,4] project detailed later in this paper. 
These include high-resistivity back-illuminated CCDs, orthogonal transfer 
CCDs, silicon PIN diodes on CMOS multiplexor readouts, and monolithic 
CMOS devices. 

All of these detector technologies and research efforts are discussed in 
more detail in other papers in these proceedings. 

The MONSOON Image Acquisition System is a scalable, high- 
performance, multi-channel data acquisition system designed to provide 
"detector-limited" performance for all imaging devices needed for the next- 
generation of systems under development at NOAO and the astronomical 
community. It is being developed in collaboration w ith a number of external 
institutions and is a full "open-source" development effort for the 
astronomical community. MONSOON is designed to support all imaging 
system needs: single OUV or IR detector to large-scale mosaics, technical as 
w'ell as scientific applications. For more information, MONSOON is detailed 
in a paper in these proceedings [5], or visit w w'w'.noao.edu/ets/monsoon.' . 
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3. U.S. Gemini Program 

NOAO is tasked with acting as the interface of the U.S. astronomical 
research community to the twin 8-m telescopes of the International Gemini 
Project. To this end NOAO has created the NOAO Gemini Science Center, 
which provides remote operations from Tucson to both Mauna Kea and 
Ccrro Pachon (see Fig. 2). In addition, NOAO will continue to develop and 
support OUV and IR instrumentation and detector technology for Gemini 
[ 6 ]. 




Figure 2. "Gemini South"- The Gemini Observatory'? telescope in Cerro Pachon. Chile 

Currently, Phoenix, a high-resolution lKxlK 1-5 pm imaging spectrometer, 
and ABU, a IKxlK IR Imager are operating at Gemini South with GNIRS, a 
1-5 pm Near Infrared Long-Slit Spectrometer to be in commissioning later 
this year. The Gemini Array Controller at Gemini North is part of the NIRI 
instrument developed at UH. NOAO has collaborated on the GMOS and 
bHROS optical instrumentation efforts as well. NOAO has just completed a 
design study for the GSAOI 4Kx4K 1-2.5 pm NIR Imager for the Gemini 
MCAO system. The NOAO Data Products Program is working to 
strengthen data reduction, pipelining and analysis tasks for the Gemini data 
products. 



4. KPNO AND CTIO 

NEWFIRM (see Fig. 3) [7] is a 4Kx4K 1-2.5 pm IR wide-field imager 
currently under design for both the Mayall and Blanco 4-m telescopes at Kitt 
Peak and Cerro Tololo, respectively. NEWFIRM will have an array of four 
2Kx2K buttable focal plane array (FPAs). These FPAs are the ORION 
2Kx2K InSb described in the Detector Research and Development section of 
this paper. Goddard Space Flight Center and the Space Telescope Science 
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Institute arc developing an NGST prototype multi-object N1R spectrograph 
called IRMOS for use at KPNO. 

Ricardo Schmidt describes the instrumentation efforts at CTIO in a paper 
also in these proceedings [8]. 




Figure 3. The NEWFIRM imager. 

QUOTA is an 8Kx8K optical imager based on a mosaic of four 4Kx4K 
orthogonal transfer arrays (OTAs) designed for the W1YN 3.5-m telescope. 
QUOTA, which stands for “QUad OTA,” is intended as a scalable design 
component for the follow-on One Degree Imager (ODI) project, which is a 
32K x32K mosaic imager. ODI will effectively be 16 QUOTAS in a single 
focal plane [9]. 




Figure 4. The QUOTA optical imager. 



5. NVO 

The National Virtual Observatory (NVO) is a development effort to 
establish a federated system of astronomical databases spanning the 
electromagnetic spectrum. NVO is a project of national scale requiring 
partnerships of many institutions and organizations spanning the range of 
national centers, universities, and the private sector. NOAO's role will be to 
function as a focal point for assembling the core scientific, technical, and 
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management skills for development of the NVO. to serve as an Optical/IR 
node, and lead the development of the data management system. For more 
information visit htip:/. ; w\\\v.us-vc>.ort’/ . 

6. LSST 

The Large-aperture Synoptic Survey Telescope (LSST) (see Fig. 5) is an 
8.4-m telescope with a 3-degree field and better than 0.2" pixel sampling. 
The telescope is a 3-mirror design with an f-ratio of 1 .25, designed to “go 
faint, fast." 




Figure 5. The LSST telescope. 



LSST is estimated to provide a digital survey of the entire visible sky every 
few weeks to a deep limiting magnitude (-24 magnitude), LSST will fulfill a 
broad range of science goals such as: detection of near-earth objects, 
supemovae research, study of variable objects, gravitational lending, etc. 
The LSST will have a single optical instrument (0.3 to I pm) which will be a 
55 cm focal plane fully-filled with a close-butted mosaic of 10 pm pixel 
devices. The current design employs 568 2Kx2K devices, over 2.2 
Gigapixels (see Fig. 6), and would translate in size to a 47Kx47K square 
focal plane. The typical integration time of LSST is anticipated to be 10 sec 
with a maximum 2 sec read time and better than 5 e readnoise. The 
MONSOON Image Acquisition System has been designed to address the 
needs of the LSST camera. 

NOAO plans to facilitate the community-based effort to construct the 
LSST with the project proceeding in four phases: 1 ) generate fully-coasted 
proposal for construction, 2) during proposal evaluation, continue to develop 
the plan especially in the areas of evaluating detector design, data 
acquisition, and data management, 3) construction, 4) operation and 
distribution of data. The nucleus of the project will be Steward Observatory, 
Lucent Technologies/Bell Labs, LBNL, NOAO, as well as other institutions. 
For more information visit hllp:. 1 ' www.iioao.edu/lsst/ . 
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Figure 6. The LSST 47KX47K square focal plane. 



7. GSMT 

The Gianl Segmented Mirror Telescope (see Fig. 7) is a proposed 30-m 
optical/infrared ground-based telescope. 




Figure 7. The GSMT telescope. 



NOAO was charged with the essential roles of involving and representing 
the U.S. community in all phases of GSMT development and operation. The 
AURA (Association of Universities for Research in Astronomy) New 
Initiatives Office is leading this effort. Near-term goals are a summary of 
key design issues, initial trade studies of key technologies, development of 
cost and performance models, and a proposal for a preliminary GSMT 
design study. For more information visit http: / wvvAv.aura-nio.noao.edu/ . 
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8. TSIP 

The Telescope System Instrumentation Program (TSIP) is a 5 million 
dollar per year program to fund the development of instruments for the 
independent observatories and provide time on these telescopes to the 
community. NOAO role will largely be management and administrative 
support. For more information visit http://w\v\v.noao.edu.'svstein.''tsin-'’ - 



9. Conclusion 

NOAO has a wide-ranging plan for a mixture of science support, next- 
generation observatory facilities design, OUV and IR instrumentation and 
detector research and development, as well as educational outreach. The 
LSST effort and GSMT efforts are of an impressive scale and will obviously 
be accomplished through collaborative efforts with many institutions. The 
instrumentation development efforts focus primarily on large mosaics of 
both IR FPAs and CCDs, with a defined focus to push new limits in 
performance both in data rates and quality. 
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Abstract: The MONSOON linage Acquisition System is a scalable, multichannel, high- 

speed data acquisition system designed for the next-generation 
optical/infrared detectors and mosaic projects currently under development at 
NO AO. MONSOON is more than a controller; rather it is new image 
acquisition architecture, providing a total solution to "detector-limited" 
image acquisition for all astronomical detectors, scientific and technical OUV 
to IR. MONSOON addresses detector-interface as well as the significant data 
flow and processing issues large-scale imaging systems require. The Monsoon 
effort is a full-disclosure "open-source" development effort by NO A O in 
collaboration with the CARA ASTEROID project for the benefit of the 
astr onom ical com m un ity. 

Key words: Charge-Coupled Device (CCD) controller. Infrared (IR) controller, mosaic, 

data acquisition, imager, pixel server. Large-aperture Synoptic Survey ' 
Telescope tLSST). One Degree Imager (ODI). NO AO Wide -Field Infrared 
Imager (NEWFIRM). ORION 



1. Introduction 

The MONSOON Image Acquisition System has been designed to address 
the needs of the next-generation NOAO imaging projects, which include: 

• ORION (2Kx2K) 1-5 pm InSb development [1] 

• NEWFIRM (4Kx4K.) 1-2.5 pm imager for KPNO and CTIO [2] 

• QUOTA (8Kx8K) orthogonal transfer optical imager for WIYN [3] 

• ODI (32Kx32K) orthogonal transfer optical imager for WIYN [3] 

• LSST (47KX47K) instrument [4,5] 
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MONSOON focuses on all ihe issues associated with "detector- limited" 
data acquisition. In MONSOON parlance, “detector-limited” encompasses 
all the requirements related to detector interface including noise, linearity, 
dynamic range, readout rates, readout modes, etc. Concerns in previously 
neglected areas of controller design have been addressed, such as physical 
size, form factor issues, power dissipation, and excess heat near the 
telescope. Total cost of ownership is a fundamental design criteria, which 
includes system assembly, test, and integration time, along with long-term 
reliability and the on-going cost of operation. Finally, quality of the image 
data is paramount. This includes strategies to insure data integrity, stability, 
calibration, and verification. 

In reference to the torrential summer rains of Tucson, and the flood of 
pixel data produced by these large-scale next-generation imaging systems, 
this system is named MONSOON. MONSOON is a proper name, not an 
acronym, and is inspired by the classic model developed by Kristian and 
Blouke of the CCD as an array of buckets catching raindrops [6]. 

It is apparent that the future of imaging devices will eventually become 
"photons in bits out.” One implication of this is that system designers will no 
longer need to provide an "analog interface" (clocks, biases and 
digitization), but rather simply a "digital interface." Anticipating this 
evolution in focal plane technology, the MONSOON architecture partitions 
the system into two fundamental subsystems: the image data acquisition 
system (digital domain, non-sensor specific) and the detector interface. 
MONSOON is designed to support digitzing focal planes as well as 
conventional analog interface devices. The system has a modular software 
and hardware architecture composed of separable elements, which can then 
be configured to form the appropriate and cost-effective system for a wide 
range of applications 

The fundamental MONSOON vision is that any new image acquisition 
system design should: 1 ) provide detector-limited performance; 2) embrace 
all the relevant imaging devices and systems currently existing, in the 
planning stages, or on the visible horizon; 3) consider the "total” view of the 
observatory as an integrated system where the output is high-quality science 
data ready to fuel the production of scientific papers and the advancement of 
astronomy; and 4) maximize “open-shutter" integration time, by minimizing 
losses due to overheads and downtime due to system failures, thereby 
maximizing observing time. 



2. System Architecture 

MONSOON is based on a scalable network of powerful yet low-cost of 
LINUX-based PC’s, each supporting a commercial 1 Gb/sec (or 2.4 Gb/sec) 
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fiber-optic link. This architecture, shown in Fig. I , yields an attractive digital 
communications and processing platform for large imaging systems. 
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Figure I. MONSOON Scalable Image Acquisition System Architecture. Illustrates a possible 
N node implementation. Nodes are added to the system as needed and'or as costs 
permit. 



There are three primary layers in the system: the Supervisory Node layer, 
the Pixel Acquisition Node (PAN) layer, and the Detector Head Electronics 
(DHE) layer. These are logical partitions that usually map to a physical 
partition but not always. For example, in the case of a single Detector Head 
Electronics system as used for ORION, NEWFIRM, or QUOTA, the 
Supervisor Layer and the PAN Layer will likely be on the same physical PC. 

Within the system there will only be one Supervisor Node, orchestrating 
the entire system and providing a single point interface to MONSOON, 
hiding the details of how many PANs are present to external systems. With 
regard to the PAN and DHE there are two fundamental “operating states": 
Master and Slave. Within a multiple node implementation there can be at 
most one Master Node Pair, all others must be configured as Slave Node 
Pairs. A Master Node controls the triggering of an exposure and exposure 
timing. Each Slave Node Pair is “armed" and waiting for an exposure trigger 
that comes from a single Master, then all nodes run in synch. The entire N 
node system can be configured as Slave Nodes with the logical Master Node 
being an external system such as an AO system, chopper signal, time 
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sequencer, etc. The DHEs are hard synched together by a distributed clock 
and serial sync (control) line. 

The Supervisor Layer handles all interfaces to the external systems and 
entities. This is the only layer that has knowledge of the total system 
configuration (how many PAN/DHE Node Pairs are present). It handles 
system security, data and error logging and system error recovery functions. 

The PAN Layer handles all interfaces to the DHL. Each PAN knows only 
about itself and its DHL. It performs all exposure sequencing and data 
processing related to multiple reads of the detector associated with image co- 
additions and performs all image de-scrambling of pixel data. It is 
responsible for maintaining system diagnostics, error detection and recover)' 
for the associated DHE. System status and details of these functions arc 
passed to the supervisor for "system” logging and interface functions. 

The DHE will provide the lowest-level sequence control, readout patterns 
for the detector, exposure integration timing, and shutter control. All primary 
communications, both command/response and pixel data, is over the fiber 
interface. The optional Ethernet interface is used for secondary diagnostics, 
system configuration, and error recover)' if the fiber interface is disabled. 
The system will run fully without the Ethernet connection. 

Three communication links should be detailed: the fiber-optic link, the 
synchronization link, and the Ethernet link. The bi-directional 1 Cib/sec or 
2.4 Gb/sec fiber-optic links are commercially available standard products 
from Systran Corp [7]. These links provide high-speed full-duplex bi- 
directional communication both from the DHE to the PAN. The bi- 
directional nature of these links can be significant for some applications such 
as QUOTA and OD1 [3], where the PAN will be doing centroid calculation 
and determining the required image shifts in the OTACCD cells. The second 
communication link connects multiple DHE nodes and is used for 
synchronization purposes. To support low-noise performance, all clocks for 
all imaging devices must be synchronized to avoid crosstalk and clock 
coupling. A low-voltage differential-signaling (LVDS) clock pair 
distribution network with skew control is provided to tie all system 
components together into a single synchronized whole. The third 
communication network is ground-isolated 1 0-base- T Ethernet. Each DHE 
node has an option for an embedded micro-controller with Ethernet and 
TCP/IP network support. This link is for system configuration and 
diagnostic/error recovery only. It is not part of the system "pixel” path, and 
is provided for system support only. 

The MONSOON architecture is scalable at multiple levels: 

• the DHE level, where boards can be added as needed 

• the fiber-optic link level, which can be scaled front I to 2.4 Gb/s 

• the PAN PC level, faster CPU more memory as needed 
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• the data processing/fiber network level, where the fiber can 
broadcast from 1 DHIi to multiple PCs 

• the system level, where PAN-DHE node-pairs can be added to an 
arbitrarily large number 

2.1 Detector Head Electronics 

The DHE nodes shown in Fig. 2 will typically be comprised of three types 
of boards: I ) Master Control Board, 2) Clock and Bias Board, and 3) Video 
Acquisition Board. 




Figure 2. MONSOON DUE Architecture. Hop) The three main components of the system and 
interconnection. / bottom-left ) Master Control Board, (bottom-center) DUE to focal 
plane interface-center, (bottom-right/ 36-Channel IR Acquisition Board. 



The Master Control Board constitutes the "digital domain" boundary of 
the system that will be common to all systems, and independent of detector 
technology. The analog portions of the system are best served with a variety 
of boards that can be used as needed, tailored and/or even repackaged for 
individual project needs . 
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The DHE is designed to be extremely modular and very simple to 
assemble, configure, test, and support. Standard configuration will be a 6U 
Eurocard format. It will employ two backplanes for signal distribution: a 
standard Compact PCI backplane for digital signal and digital DC power 
distribution, with a custom analog backplane for analog power and interface 
to the focal plane. This backplane is fully specified in the MONSOON IC'D 
7.0 [8]. The digital backplane will follow CPCI signal integrity standards but 
not the CPCI signal timing protocol in order to maximize system 
performance for our application. The analog backplane will incorporate all 
necessary overvoltage and static protection circuitry for the focal plane, and 
will be an integral part of the dewar assembly and focal plane interconnect 
through the use of rigid-flex technology. 



2.2 Software Architecture 



MONSOON is an image acquisition system or "pixel server.” Basically, 
within a classic client-server architecture model of an observatory, the "pixel 
server" is the system that provides image data when requested by some 
general "client.” This client can be an instrument control system, and 
observatory control system, or some other external entity. Figure 3 is a 
context level dataflow diagram illustrating this. 




Local OHS 
Interface 



ICD 4.0 GPX Interlace 



Local Status 
Interface 



MONSOON 
Pixel Server 



Figure 3. MONSOON System Data Flow Diagram. This shows the major data flows into and 
out of the MONSOON. 



Monsoon System Context Diagram (« io> 



The interface definition to MONSOON is described in the Generic Pixel 
Server Interface Control Document [9]. This is a proposed astronomy-wide 
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standard for defining the interface to a "generic pixel server,” which may be 
a system other than MONSOON. 

file MONSOON software has strong interface control definition (ICD) 
and will enforce modular design. The implementation is shown in Fig. 4. 
The PAN software will support multiple DHL* implementations including the 
Lick Guider and SDSU Controller, in addition to the MONSOON DHL*. This 
is to increase flexibility and provide for backward compatibility to existing 
systems. It should be emphasized that the system design stresses that all 
components, hardware and software, are modular and separable and thus can 
be easily upgraded. 




MONSOON and support for mulliple DllEs. 



3. Conclusion 

MONSOON is a forward-looking solution to the needs for next- 
generation astronomical imaging. The design is high-performance, scalable 
and cost-effective. MONSOON is more than a controller, but rather an 
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image acquisition system or "pixel-server” providing a total integrated 
solution to imaging needs ranging from science observing to laboratory 
research and development. MONSOON is a full "open-source” cross- 
institutional development effort for the entire astronomical community. 
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Abstract: Charge exchange spectroscopy allows the determination of ion temperature. 

poloitlal and toroidal velocity, impurity density and radial electric field. E,. in 
high temperature tokamak plasmas. Charge exchange spectroscopy has been 
one of the workhouse diagnostics of the Doublet III and DIII-D tokamaks since 
1 983. The ability to determine the E,. for example, has been essential in testing 
the mode! of ExB shear expression of turbulence. For the 2000 experimental 
campaign, we have replaced the intensified photodiode array detectors on the 
edge portion of the system with advanced CCD detectors mounted on faster 
(f/4. 7) spectrometers. This combination has improved the photoelectron signal 
level by approximately a factor of 20 and the signal to noise by a factor of 2 to 
8. depending on the absolute signal level. A major portion of the signal level 
improvement comes from the improved quantum efficiency of the back- 
illummated. thinned CCD detectors (70- 85% for the CCD versus 10-20% for 
the image inlensifier) with the remainder resulting from faster spectrometers. 
The CCD camera also allows shorter minimum integration times: 320 ps while 
archiving to PC memory and 150 ps using temporary storage on the CCD 
chip. The PC memory option allows up to 4096 spectra per tokamak shot, 
which is only limited by available memory. The faster on-chip storage is 
limited to 254 spectra. Results from tokamak plasma shots will also be 
discussed. 

Key words: tokamak plasma. Charge-Coupled Device (CCD) detectors, charge exchange 

spectroscopy 
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1. Introduction 



The tokamak plasmas utilized in magnetic fusion research provide access 
to some of the longest duration, highest temperature plasmas on earth. For 
example, on the DIII-D tokamak, plasmas lasting up to 10 sec have been 
produced with ion temperatures up to 27 keV and electron temperatures up 
to 15 kcV in toroidal plasmas with 1.7 m major radius, 0.65 m half width 
and 2.5 m veflical. height. Typical particle densities of these plasmas range 
from 2.0x10 m to 2.0x10' m . Spectroscopic measurements of line 
radiation from highly ionized atoms provide one of the key techniques for 
determining the plasma parameters in tokamak discharges. 



2. Charge Exchange Spectroscopy 

Charge exchange spectroseopy [1] allows the determination of ion 
temperature, poloidal and toroidal velocity, ion density and radial electric 
field, E r in high temperature tokamak plasmas. This technique is based on 
the excitation of visible and near UV radiation from hydrogen-like and 
lithium-like ions via charge exchange with high energy (80 keV) neutral 
deuterium beams injected into the plasma. Spectroscopic lines used for these 
measurements include He II (468.6 nm), C IV (465.83, 772.62 nm), B V 
(494.47 nm), C VI (343.37, 529.05, 771.68 nm), O VIII (297.57, 434.04 
nm), F IX (342.9, 479.4 nm), Ne X (524.90 nm), Ar XVI (346.3 nm), Ar 
XVIII (344.9 nm), Ca XXVIII (344.9 nm) and C'a XX (346.3 nm). Charge 
exchange spectroscopy has been one of the workhorse diagnostics on the 
Doublet III and DIII-D tokamaks since 1983 [2]. The ability to determine F r , 
for example, has been essential in testing the model of ExB shear 
suppression of turbulence [3], which has revolutionized our understanding of 
turbulence in magnetized plasmas. 

A key issue for charge exchange spectroscopy is the need for multiple 
spatial views, demanding the detection of multiple spectra, while 
simultaneously obtaining millisecond time resolution. Our present system 
acquires spectra simultaneously from 40 different spatial locations across the 
plasma at 750 different times during the discharge. Our initial spectroscopic 
system utilized intensified linear photodiode array detectors [4,5]. For the 
2000 experimental campaign on Dlll-D, we replaced the intensified 
photodiode array detectors on a portion of our system with advanced CCD 
cameras [6] mounted on faster (f/4.7) spectrometers [7]. The 16 spatial 
locations in this portion of the system are concentrated on the edge of the 
tokamak plasma, which exhibits some of steepest spatial gradients and the 
most rapid changes in temperature, rotation speed and E r - These cameras 
utilize a 652x488 pixel Pluto chip from SITe [8]. We are now in the midst of 
a similar upgrade on the portion of the system that views the plasma core. 
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Relative to the intensified diode system, the new spectroscopic system has 
improved the photoelectron signal level by approximately a factor of 20 and 
the signal to noise by a factor of 2 to 8, depending on the absolute signal 
level. A major portion of the signal level improvement comes from the 
improved quantum efficiency of the back-illuminated, thinned CCD detector 
(70-85 % for the CCD versus 10-20% for the image intensified with the 
remainder coming from the faster spectrometer. The CCD cameras also 
allow shorter minimum integration times: 320 psec while archiving to PC' 
memory and 150 psec while using temporary storage on the CCD chip. The 
PC memory option allows up to 8192 spectra per camera per tokamak shot, 
limited only by available memory, while the faster on-chip storage is limited 
to 254 spectra. 

2.1 The Design 

A detailed description of the design of the spectroscopic system and the 
detectors developed for the 2000 campaign has been published previously 
[9]. A key design feature is use of the split frame architecture of the CCD 
chip to measure two spectra per chip while maintaining high-speed readout. 
A simple optical coupling system utilizing two planar mirrors allows the use 
of two C’CD cameras per spectrometer, thus reducing the number of 
spectrometers required by a factor of two. 

2.2 Results 

An example of the high-speed spectroscopic results produced by the 
upgraded CCD system is shown in Fig. 1. This shows the line brightness, 
Doppler temperature and toroidal velocity for several points near the plasma 
edge while the plasma is undergoing repetitive bursts of Magneto- 
hydrodynamic (MHD) oscillations called Edge Localized Modes (LLM). 
These MHD modes periodically reduce the confinement in the edge plasma, 
causing the reductions in temperature and rotation shown in the figure. One 
of these ELM bursts is shown in Fig. 1. Also shown in Fig. 1 is the D a 
brightness from another diagnostic. D a change is used as a marker for the 
onset of the ELM. The CCD data for this figure was taken at 0.332 ms 
integration time as part of a detailed study of the ELM dynamics. The 
distinct changes seen in rotation and temperature in 0.332 ms demonstrate 
the excellent time resolution of the CCD cameras. 
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Figure I. Plot of fa) edge C VI 529.05 nm line brightness, (h) toroidal rotation determined 
from C VI Doppler shift, (c) ion temperature determined from C VI Doppler line 
broadening and Id) D« brightness from the divertor region of the D 1II-D tokamak. 
The measurements in fa-c) are made at the locations indicated. These locations (in 
cm) are relative to the magnetic separatrix. which marks the edge of the plasma as 
defined by the location of the last closed magnetic flux surface. The time range 
shown includes the time when an edge MUD instability (Edge Localized Mode) 
occurs, which rapidly alters the brightness of the C VI and Da lines, and quickly 
changes the rotation and ion temperature. The measurements in fa-c) are made at 
0.332 ms intervals by the CCD cameras discussed in the main text. Note that on the 
locations closer to the plasma edge, the rotation and ion temperature first increase 
right after the ELM before decreasing again. The behavior would not have been 
detectable without the excellent time resolution of the CCD camera and the high 
quantum efficiency, which allows gathering sufficient amount of photons to make 
good measurements in short time intervals. 
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Abstract: MAD’s mission is to demonstrate the feasibility of Multi-Conjugate Adaptive 

Opties (MCAO) as a prerequisite for the 100-m OWL telescope, as well as 
sewrat 2 4 " 1 Generation VLT Instruments. It aims at comparing the relative 
merits of different methods and. therefore, alternatively employs multiple Shack- 
l/artmann and layer-oriented wavefront sensors requiring 3 and 2 detector 
units respectively. The 5 detector heads will be identical and equipped with 
CCD 50 devices from Marconi, which have already been successfully tested with 
the VLT AO instrument NAOS-CONICA. ESO 's standard CCD controller 
FIERA will be utilized in its new version, upgraded to a PC! bus board. 

Major challenges are the space restriction for the detector heads, the low 
weight allowance in mobile probes, the opto-mechanical coupling, the stringent 
noise requirements in the presence of limited options for cooling and high 
demands on the frame rates, and the high data transfer rates to the real-time 
computer. At the same time, as for all VLT instruments, a maximum 
compatibility with existing hardware and software standards must be 
maintained. The adopted solutions are described and discussed. 

Key words: wavefront sensing. Shack Hartmann sensing adaptive optics. Multi-Conjugate 
Adaptive Optics (MCAO). fast readout Charge-Couple Device (CCD) 



1. Introduction 

The MAD project aims at demonstrating Multi-Conjugate Adaptive 
Optics (MCAO) capabilities by building a prototype to be tested on the VLT 
visitor focus (UT3). The instrument will use 3-8 natural guide stars and a 
laser guide star to achieve more than 60% Strelil ratio point spread function 
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over a field of view of 2' in the K band. Two concepts will be tested with 
this prototype. The first is the Shack Hartmann MCAO, which uses an 
astcrism of 3 stars in the visible domain. Each star's wavefront is measured 
independently with the Shack Hartmann method by a high-speed CCD 
camera coupled with an array of microlenscs. A global wavefront 
reconstruction scheme is applied to deformable mirrors. The correction 
across the field of view can be optimized for specific directions. The second 
scheme is called the layer-oriented approach: The wavefront is reconstructed 
at each altitude independently. Each wavefront CCD sensor is optically 
coupled to the others. The pyramid wavefront sensor conceived in 1995 
offers a practical and compact solution to the optical design. Layer-oriented 
adaptive optics can also be coupled to laser guide stars. 

The goal of the MAD instrument is to determine which method of layer- 
oriented MCAO (LOWFS) and Shack-Hartmann MCAO (SHWFS) is best 
suited for use with future MCAO systems. MAD is the ESO laboratory and 
sky tool for MCAO techniques. It is also an important milestone for the 
design of VLT 2nd generation instruments, and especially the OWL 
instruments. 



2. The CCD System Concept and the Detectors 

As a fast track project, MAD needs to utilize as many parts and sub- 
systems that were used for other instruments, such as NAOS [1] (wavefront 
sensors) and SINFONI (optics and deformable mirrors), as possible. 

There are 59 different parts needed for the CCD system. The optical 
setup is mounted on a table on the VLT Nasmyth platform. The 3 heads for 
the SHWFS move on a XY table to locate a star in a 2' field of view. In 
contrast, the LOWFS CCD systems are attached to their dedicated optics. 
The CCD heads require flexible cables for clocks, bias and video that are 
attached to the FIERA controller. Since CCD procurement could lead to time 
overhead that does not comply with this project, it has been decided, as the 
best trade-off, to use a CCD that ESO knows very well: the Marconi AO 
CCD50. ESO has several of these CCDs in stock. This device has already 
been used for the NAOS [1] project as a wavefront sensor and has delivered 
satisfactory performance therein. This is a CCD with a split frame transfer 
architecture featuring 16 output ports and 128x128 pixels. The CCD is a 
24 pm sq., backside illuminated device. The quantum efficiency is 
comparable to a standard backside illuminated device from Marconi. Only 4 
of the 16 ports are going to be used. So 14 of the useful sensitive surface will 
be digitized, whereas the rest of the area is just clocked out to avoid charge 
contamination. 




A CCD Wavefront Sensing System... 
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3. The Heads and the CCD Cooling 

The head design must be compact (90x60 mm) because of the limited 
space available for the head inside the focal plane. This poses difficulties 
because the CCD package itself is not compact (i.e., 30x60 mm). The heads 
will be vacuum tight and include the cooling system and temperature 
sensors. Micro sub-D connectors will be welded to the box to ensure its 
tightness with respect to moisture. 

The following points summarize the design constraints: 

• Liquid nitrogen (LN 2 ) cannot be used to cool the CCD because of 
the head compactness requirement. 

• The CCD is a non-MPP CCD. thus producing a large amount of dark 
current (-500 pA/cnr at room temperature). 

• The noise performance can not be jeopardized by additional dark 
current shot noise. 

• The maximum exposure time is only 40 ms using 4x4 binning mode. 

• It leads us to consider an efficient triple-stage thermoelectric Peltier 
cooler. The thermal load has been estimated at 1 W and requires an 
open loop Peltier controller able to provide up to 4/5 A per head. 
The heat from the hot Peltier side will be extracted by a cold w-ater 
heal sink exchanger. Thus, the CCD temperature w ill depend mainly 
on the cold w'atcr temperature. The water circuit will be provided 
either by a closed cycle chiller or by the VLT service connection 
point. 

The requirement for dark current is less than 500 e /pix/sec with lx I 
binning, which is reached at -27 °C. However, our goal is -250 e-/pix/sec\ 
which is achieved between -32 °C and -45 °C. The temperature range 
requires a moderate vacuum inside the head ( 0 . 1 - 0.01 mb) 

If the intrinsic system readout noise is 4 e at 50 Hz frame rate and 2x2 
binning, an operating CCD temperature of -35 °C is required to prevent dark 
shot noise from becoming dominant. The temperature needs to be -50 °C for 
a 25 Hz readout rate and 4x4 binning. The increase in system noise has a 
direct impact on the ability to see fainter stars and/or achieve acceptable 
Strehl ratios. Therefore, the operating CCD temperature should be as low as 
possible. 



4. The Readout Modes and the Expected System 
Performance 

Due to the CCD frame transfer architecture, the exposure time is defined 
by the frame rate. The later is set via a software parameter that is entered by 
the user. Nevertheless, for the highest frame rates, this is limited by the 
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readout time of a given sub frame at a given binning. A trade-off has to be 
found between the readout noise, binning, frame rate and pixel frequency as 
shown in Table I . 



Table I. Frame rates vs. readout noise 



50011/ 


400 11/ 


200 11/ 
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Frame rale 


< 7 c' 
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Kpix/sec 


< 4.5 e 
300 

Kpix/sec 


N/A 


Binning 2*2 


NA 




!SS 


iSHSfel 
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Binning 4*4 



It must be noted that, without binning, 1068 pixels must be read out per 
port, using 2x2 binning, 272 pixels and 68 pixels with 4x4 binning. The 
frame shift frequency is 6250 Hz (160 ms). 



The noise figures are based on experiences with the NAOS CCD system. 
This means that three readout frequencies will be used to satisfy the 
requirements: 50 Kpix/sec, 300 Kpix/sec and 600 Kpix/sec. The frame rate is 
defined as a combination of frame shift, pixel readout time and idle time 
defined by the user. This scheme permits a synchronous readout of the 3 
SHWFS CCDs. Like the SHWFS, the readout scheme will also be 
synchronous for the LOWFS CCDs. However, to overcome large brightness 
differences of stars on CCD1 and CCD2, the frame rate of CCD 1 can be a 
multiple of CCD2, with a ratio of 1 (synchronous), 2 or 4. Minor FILRA 
software modifications must be undertaken to handle this specific new 
readout mode. 

The plan is to deliver this system for integration in Q2 2003. First light at 
the telescope should occur in Q4 2002. 
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Abstract: Developed at the Canada France Hawaii Telescope (CFHT), SkyProhe is a 

system that allows the direct measurement of the true attenuation by clouds. 
This measurement is performed approximately once per min. directly on the 
field viewed by the telescope. It has been possible to make this system 
relatively inexpensively due to low cost CCD cameras available on the 
amateur market. A crucial addition to this hardware is the recent availability 
of a full-sky photometry catalog at the appropriate depth : the Tycho catalog 
from the Hipparcos mission. A very important element in the SkyProhe data 
set creation is the automatic data analysis pipeline. Elixir, developed at CFHT 
for the improved operation of the CFHT wide-fteld imagers CFHI 2K and 
MegaCam. SkyProbe's FITS images are processed in real time, and the 
pipeline output la zero point attenuation ) provides the current sky 
transmission to the observers and aids immediate decision making. These 
measurements are also attached to the archived data, adding a key too! for 
future use by other astronomers. Specific features of the detector, such as intra 
pixel t/uanlum efficiency variations, must be taken into consideration since the 
data are strongly undersampled. 

Key words: SkyProhe. camera, photometry, attenuation. Elixir 



I. Introduction 

The validity of scientific data collected by ground-based telescopes can 
be strongly compromised by the undetected effects of variable atmospheric 
transmission caused by passing clouds during the exposures. While the 
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presence of big fluffy clouds is a sign that the night may be lost all together 
(guide stars are lost resulting in many interrupted exposures), observations 
can still take place in the presence of thin to semi-thick cirrus. However, the 
major drawback that the stellar flux will be difficult to calibrate remains. 
Still worse, cirrus can sometimes come and go undetected during the night, 
especially on moonless nights if the dusk and dawn skies look clear, which 
causes the night to be stamped as photometric. 

Infrared satellite imaging is a tremendous help in the detection of clouds 
over the observatory areas, but they can not determine the effect on the 
observed fields. Various other approaches have been investigated, all 
focused on all-sky monitoring using cither 10 pm infrared systems [1] or 
wide-formal scientific LN2 cooled CCDs (2J. However, none of these 
approaches is helpful on the tiny patches of sky viewed by the telescope. 

To make the best out of a cloudy night, a system that follows the absolute 
atmospheric transmission in real time is needed, in addition to an all-sky 
monitor (used to help define a clear patch of sky). This system would define 
if a night is photometric, hence allowing key decisions concerning observ ing 
strategy to be made. This is extremely relevant to the fast expanding queued 
observing mode flourishing around the world (sec [3] for an example at 
C'FHT). 

This will save telescope time, because photometric field observations will 
not be necessary. It will also allow real-time decisions, such as expanding 
the exposure time on a given field to achieve the desired signal-to-noise ratio 
for the conduction of scientific programs. In addition, attaching absorption 
data benefits future users. 

The concept for SkyProbe arose from the following conditions: to derive 
absolute photometric measurements in real time on the field viewed by the 
telescope (including the science field) using photometry on the set of 
available stars. 

The specifications for such on-field monitor are: 

• A camera working in the visible, as absorption is stronger at visible 
wavelengths and large precise photometric catalogs exist in this 
domain. 

• A large field of view to collect many stars per exposure (better 
statistics). 

• A field of view that includes the science field. 

• A fast system allowing frequent measurements, e.g., I /min, of sky 
transmission. 

• A maintenance free camera system, since it is meant to operate as 
an observatory facility, available all year round. 
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• A reliable data processing pipeline, because downtime is 
unacceptable for a crucial element in the chain of observing 
strategy decisions. 

Recent technological developments in several unrelated fields have 
allowed us to design and build such a system: 

• The availability of low-cost high reliability CCD cameras from the 
amateur market. 

• The availability of an all-sky photometry catalog at the appropriate 
depth (Tycho catalog [4]). 

• The development at CFHT of an automatic analysis system (Elixir 
[5]) at CFHT. 

This article presents a complete overview of the SkyProbe system. 



2. Hardware 



2.1 CCD camera and lens 

SkyProbe utilizes a Santa Barbara Instrument Group (SB1G) ST-7E 
camera which contains two CCD detectors. Only the principal detector is 
used for direct imaging (the second one is a small guiding unit). The detector 
is a Kodak KAF-0401E, a frontside illuminated array of 765x510, 9 pm sq. 
pixels with enhanced quantum efficiency in the blue. To achieve proper 
photometry, the pixel fill factor must equal 100%, hence antiblooming 
protection must be dismissed. This comes as an option (CCD replacement) 
when ordering the system. 

The CCD is cooled by a single thermoelectric stage, which allows the 
detector to function anywhere from -25 °C to ambient temperature. With a 
frequent sub-zero temperature at night on Mauna Kea, rarely rising above 
+5 °C, the running temperature is set at -20 °C. (stable within +/-0.1 °C.). 
The dark current is negligible on 30 sec exposures taken by SkyProbe. The 
analog to digital converter encodes the data on 16 bits with a gain of 
2.3 e/ADU. The read noise is 15 c and the full well capacity is 
approximately 100,000 c\ The charge transfer efficiency has not been 
measured, but trends in our data analysis indicate that a higher sky 
background level helps increase the quality of the photometry, such a "fat- 
zero" level is provided naturally by the moon or twilight. Keeping the dark 
current higher could help to increase the charge transfer efficiency. 

The detector size is 6.9x4. 6 sq. mm, a surface much smaller than the 
nominal field of view of 36x24 sq. mm film for which the Nikon 50 mm lens 
(open at ft 1.8) was designed. This lens collects a lot of light and provides a 
field of view' large enough (7x5 sq. deg.!) to collect at least 100 stars in each 
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image from the Tycho catalog at the depth reached in 30 sec exposures. The 
pixel scale is 357pix (see Sec. 4.1). 

2.2 Shutter 

With a system that takes an exposure every minute throughout the entire 
night all year, in a single year the number of shutter cycles surpasses 
200,000! The only moving part in the system, usually the weak point of 
cameras, must be designed for such stress. The SBIG ST-7E comes with a 
shutter that can tolerate such stress. It is a double aperture light disk driven 
by a stepper motor (see Fig. 1) producing little if no mechanical stress. The 
exposure time can be as short as 0.1 sec with a resolution of 10 msec. With 
such control, a given exposure is guaranteed to be repeatable within a 
fraction of a percent (max 0.3% with the provided specifications), which is 
an important point when one is trying to derive the absolute sky transmission 
to the one percent level. 




Figure I. (left) View of ihe SBIG ST-7E shutter, a blade driven by a stepper motor taking two 
exposures to complete a full cycle, (right) An enlarged rendering of the mechanical 
elements holding the filter and the various protections (cover, gutters). The Nikon 
50 mm lens is not shown here. 

2.3 Housing 

The Tycho catalog provides the photometry' in two colors: B and V 
bands. We chose the V band since CCD quantum efficiency peaks in that 
domain. We designed a camera head bolting on the body of the CCD camera 
to safely hold the large V band Johnson filter just above the lens. A safety 
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cover can be pulled over the filter to protect it if telescope operations have 
moving parts nearby (Fig. 1 ). 

Although not shown in Fig. 1, there is a small endless screw that touches 
the focus ring of the Nikon lens. We found the focus to be critical to achieve 
proper behavior of the entire system. This means that there will be a few 
manual iterations on the telescope when the camera is installed for the first 
time. 

Due to SkyProbe’s location on the telescope (a place where there can be 
water leaks from the dome), we added some internal gutters so water would 
not collect on the filter. There is also a leash attached to the camera to keep 
the whole camera from rolling onto the mirror if, e.g . , the main support 
failed. 

The whole structure is approximately 25 cm tall, 9 cm wide and weights 
less than 2 kg (not including the acquisition system). 

2.4 Acquisition system 

The camera is connected to a small PC via a parallel port, reading out in 
approximately 25 sec using an interface developed under Linux. C’FHT is 
currently using an i-Opener by Home Appliances adapted in-house to run 
Linux and connected to the network via a USB-ethernet adapter. However, 
virtually any PC with a parallel port is fit to run such camera, but the 
i-Opener has the advantage of no moving parts (no hard drive). 

The eamera connects to the PC via a 15 ft (-4.55 m) long cable allowing 
the computer to be placed further away in a protected environment (the 
camera powder supply comes through the parallel port too). 

2.5 Location on the telescope 

With a telescope as versatile as C'F'HT, top-end exchange between the 
prime focus and the Cassegrain foci arc frequent. Initially installed on top of 
the prime focus cage, SkyProbe quickly gained popularity and was requested 
to be transformed into a full-time observatory facility. This implied moving 
SkyProbe down near the mirror cell outside the struts with enough clearance 
so that the top ring does not enter the field of view' of the camera (sec 
Fig. 2( left)). The drawback is that on rare occasions about 20% of the field 
of view' gets occulted by the dome as the telescope points North of zenith 
and the dome slit passes North (see Fig. 2( right)). This situation has no effect 
on SkyProbe’s performance since stars get occulted and are not detected at 
all. 

For other telescopes working only with a Cassegrain and/or nasmysth 
focus, the location w'ill not be an issue since SkyProbe can simply sit on the 
top ring. 
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Figure 2. (left) Sky Probe, in the foreground, is mounted near the minor cell at the feet of the 
telescope struts. An unobstructed view of the sky viewed by the telescope is 
available by setting SkyProbe at the edge of the telescope structure, (right) A 
typical SkyProbe image. 30 sec exposure of the Galactic bulge. Notice the slight 
occultation by the dome on the top left comer. 



2.6 Performance 

The Tycho catalog [4] from the Hipparcos mission provides more than 2 
million stars up to 11.5 magnitude in the V band over the entire sky 
(completeness limit = 10.5 mag). With a 35 sq. deg. field of view and 30 sec 
exposures in the V band. SkyProbe easily reaches 1 1 magnitude. It gathers 
approximately 400 of the Tycho stars near the galactic plane, and 
approximately 100 near the galactic pole. As discussed below in Sec. 3.2, 
increased statistics with many stars is the key to reach precise photometry 
accuracy on such undersampled data. 



3. Software 



3.1 Data pre-reduction and field preview 

Data that are taken by SkyProbe are processed automatically in a analysis 
system [5], Elixir, developed at C'FHT for the improved operation of the 
wide-ficld imager CFH12K [6]. The first step of the data analysis is typical 
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pre-reduction with the additive and multiplicative effects removed 
(bias/d ark/ flat -fie Id). The deteetor response does not appear to change with 
time, hence the pipeline uses single master detrend frames constructed at the 
time the camera was first installed. 

The first element provided to the observer (within 15 sec after the 
exposure is taken) is a JPEG format greyscale image of the processed image 
directed the web page to assess the overall quality of the field (i.e., arc there 
any stars visible?). A small rectangle indicates the camera's field of view and 
allows the location of nearby bright stars, the worst contaminant of wide- 
ficld imaging data. 

3.2 Data analyses 

The next steps continue to follow the procedure developed at CFHT to 
analyze and track data from the large mosaic cameras. The first is the 
detection (position and photometry extraction) of all the objects in the 
image. The pixel coordinates are converted to celestial coordinates using the 
Tycho catalog as astrometric reference. The measurements for each star are 
added to the Elixir photometry internal database where each star is identified 
by its position in the sky. Elixir immediately provides the association 
between the SkyProbe measurement and the stellar magnitude from the 
Tycho catalog. The average zeropoint offset is calculated using as many 
Tycho stars as are in the image to reduce the noise. 

A significant scatter is present when plotting the SkyProbe measurement 
versus the Tycho measurement. This is due to the coarse pixel scale, 
35'7pixel (with a median seeing of 0.7" on Mauna Kea!), which causes 
issues in terms of photometry (see Sec. 4). This is why SkyProbe’s large 
field of view is the perfect compromise, since a system providing a finer 
scale while preserving a reasonable field of view for increased statistics 
would be too large to be easily installed on the telescope. With a typical 
scatter of 10% based on at least 100 stars/image, a final accuracy of less than 
1% is achieved, well within our initial specification for the system 
performance. 

The per-image zeropoint offsets represent the attenuation by the sky in 
magnitudes, and are stored in the database along with a set of other per- 
image information. 

3.3 Real time plots 

With a sky transparency measurement available every minute, it is 
possible to build statistics and provide plots on the evolution of the sky 
transmission for the observer over the course of the night. Such a plot is 
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showed in Fig. 3, which displays a night with a significant amount of cirrus 
clouds in the second part of the night. 




Figure 3. SkyProbc plol on a night photometric during the first half, and then with moving 
clouds on the second half (erratum: scale in attenuation are offset by 0.6 mag - the 
flat part of the plot lies at a attenuation of 0.0 mag). 



3.4 Observ ing efficiency 

As scientific data arc collected throughout the night, each frame can be 
directly compared with a collection of SkyProbc measurements. Though 
these scientific data arc collected in various bands (and even in the infrared 
as SkyProbc is now a full time facility), the V band data provide the key 
information if a night is photometric. With the CFHT widc-field imagers 
essentially operating in queued observing mode [3]. SkyProbc has proven to 
be a key element of the ehain as scientific programs requiring photometric 
conditions. When the nights are not photometric, the exposures get tagged 
and will have a short exposure taken to bootstrap the photometry. 

Sinee SkyProbc provides true attenuation in the V band, it is also now' 
possible to derive the signal to noise ratio in real time on scientific frames 
using the image quality and sky background level measurements, which 
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result from the main Elixir process. Comparing these three parameters 
indicates how much the exposure should be extended in order to achieve the 
intended signal to noise ratio on the final data. However, further 
investigations need to be pursued to determine how absorption detected in 
the V band can be scaled up and down to other filters in the visible. Due to 
observing time ratio balancing issues, this has not yet been implemented in 
queued mode, but only as a standalone program (the “classical” mode) 
where the PI (Principal Investigator) is in charge of managing his/her time 
budget. This possibility will come very useful in ensuring the scientific 
success of the observing program. 

3.5 Archiving 

A second group that uses C'FHT data are archive users (data handled by 
the Canadian Astronomy Data Center), without any knowledge of the sky 
transparency, ground based telescope archived data can appear dubious to 
potential users. The addition of the SkyProbe measurements to each 
scientific frame (indicating whether the night was photometric, and if not, 
the average transmission in the V band in the course of the exposure) will 
greatly increase the level of confidence for the potential archive users. 



4. Detector Issues 

Anti-blooming structures and pixel fill-factor physical anti-blooming 
structures are popular in the amateur community due to the natural aesthetic 
value they bring to the raw image by stopping bright objects from saturating 
onto neighboring pixels. However they have a major disadvantage: they use 
a fraction of the pixel that does not contribute in collecting photons. They 
represent dead spots within the pixel, typically less than 10%. However, for 
undersampled data, this can be a real puzzle as stars will appear on and off 
depending on the slight movement of the telescope on the field viewed 
(which is common when running some dithering patterns, for example). 

The first incarnation of SkyProbe is a SBIG ST-237 that utilizes a TC237 
chip by Texas Instrument. Strong jumps (10%) in the photometry plots 
appeared as set of stars disappeared in the blind spots. The TC'237 was then 
replaced by the Kodak KAF-0401E because of its 100% fill factor, a 
common specification for any scientific oriented detector. 

4.1 Undersanipled data and frontside illuminated CCDs 

The KAF-0401E is a frontside illuminated CCD with increased 
sensitivity in the blue, as stated by the manufacturer. This is achieved by 
replacing a typical polysilicon gate with a gate that uses a conductive 
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iransparcnl material made of indium-tin-oxide or ITO [7,8]. The quantum 
efficiency increases from 2% to 30% at 400 nm and the peak efficiency at 
approximately 600 nm jumps from 40% to 63%. 

These numbers are misleading since it is an integrated sensitivity over the 
pixel. It is well known that intra-pixel sensitivity variations exist and must be 
taken into aecount, especially when dealing with undersampled data [9]. 

Based on the literature available from Kodak [9], we built a model of the 
pixel. Figure 3( right) shows the evolution of the quantum efficiency along 
the pixel height. With the KAF-0401E, the difference within the pixel is as 
large as 40%! The full line describes the expeeted QE following the physical 
structure of the gates; the dashed and dotted lines are probably more realistic 
representations of the actual QE as the light hits the detector at a pretty steep 
angle on SkyProbe with uses the 50 mm lens open at f/1.8. 
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Figure 4. Kodak KAF-0401E large intra-pixel quantum efficiency variation due to the use of 
a polysilicon gate on one half and an indium-tin-oxide transparent gate on the other 
half. 

We decreased the intrinsic effect of the intra-pixel quantum efficiency 
variations by slightly defoeusing the camera while making sure the depth of 
each single exposure was still high enough to reach the Tycho's limit of 1 1 
magnitude. 

This effect is corrected on a per star basis in Elixir, by correcting its flux 
based on its position within the pixel. Since Elixir can define a very precise 
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astrometric solution over the whole field of view using the 100 plus stars, 
their position can be in return pinned down to a 1/20 of a pixel. Knowing the 
structure of the pixel in terms of sensitivity variation. Elixir then adjusts the 
flux for all the stars. This decreases the initial scatter by a factor of three. 



5. Conclusions and Future Plans 

CFHT has developed an efficient and reliable system capable of deriving 
the absolute sky transmission at a one minute resolution over entire nights. 
SkyProbe has been in operation since Fall 2000 and has become a facility 
observers can not live without after they have experienced this valuable 
addition. This is especially true in the newly implemented queued observing 
mode at CFHT, a common trend to most ground-based telescopes today. 
Most large facilities will probably take some effort to duplicate SkyProbe 
soon, since the cost is fairly low for the benefits. 

The V band, however, limits our knowledge of the nature of the 
absorption. We plan on adding a B band channel (the second color provided 
in the Tycho catalog) and investigate the effect of cirrus versus more fluffy 
clouds or even volcano haze that sometimes reaches the summit. 

At the dawn of the new wide- wield imaging era starting at CFHT with 
the new 1 sq. deg. wide-ficld imager MegaCam [10] and its infrared 
counterpart W IRC AM (20'x20'), which are mainly focused on large surveys 
of the sky over several years, SkyProbe will prove to be a crucial element in 
the global observing strategy. 
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Abstract: Due to strict requirements of a very short integration time and very low 

readout noise. Avalanche Photodiodes (A PDs) are the only detectors that have 
been used for curvature wavefront sensors in astronomy thus far. In 1999. 
Beletic el al. flj presented a new CCD design that achiews the same 
performance as A PDs. but with higher reliability and lower cost. In addition, 
this CCD has a higher quantum efficiency than A PD modules and a larger 
dynamic range, eliminating the need for neutral density filters when viewing 
bright objects. In dose collaboration with ESO and IfA. MIT Lincoln 
Laboratory designed and fabricated the device, the CCID-iS. R. Dorn f2] 
tested the CCD in the laboratory al ESO extensively and proved that it 
achices the predicted performance. CEIIT is currently implementing this 
CCD on the PUEO Adaptive Optics system, to assess its performance on the 
sky for the first time, and for a direct comparison with the current 19 A PD 
detector system. In this overview we present the current implementation 
scheme and discuss the upgrade we foresee for PUEO NUI, a 104 element 
high-order curvature AO system envisaged to replace the current AO system 
at CEIIT f 3.4 f. 

Keywords: Avalanche Photodiode (APD). Charge-Coupled Device (CCD), detector. 

Adaptive Optics (AO). PUEO. PUEO NUT. PUEO-FlyEyes. cryostat, 
controller 
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1. Introduction 

We present a CFHT/UH-IfA collaboration to integrate a newly designed 
CCD based curvature wavefront sensor on PUEO, the CFHT adaptive optics 
system. The CC’ID-35 detector was designed by MIT Lincoln Laboratory, 
ESO and UH between 1999 and 2000 [1], with the first front illuminated 
devices successfully integrated and tested in the ESO laboratory in 2001 [2]. 
ESO will not have an opportunity to test the CCID-35 on the sky before 
2004, despite it being more cost effective. Hence, there was no immediate 
opportunity to prove that CCDs can do as well, in terms of sensing, as APDs 
in real observing conditions. 

For CFHTs FUEO NUI project, a proposal to upgrade PUEO into a 104 
actuator system [3,4] using APDs as wavefront sensors is not possible due to 
budget limitations (one APD costs about S3K). This paper proposes a project 
called PUEO FlyEyes, which suggests temporarily substituting the APDs 
with the CCID-35 for a few engineering nights. A direct comparison 
between the performance of PUEO using APDs and using a CCD wavefront 
sensor system offers CFHT a unique opportunity to participate in an effort 
that could greatly benefit the future of AO curvature systems. 

The PUEO-FlyEyes project can be split in seven distinct parts: 

1 . Integration of two detectors in a dewar [IfA] 

2. SDSUII Controller & DSP code (CCD control + membrane 
synchronization) [CFHT] 

3. CCD selection and optimization [MIT/LL & CFHT] 

4. Coupling of the fiberc to the CCD cells [CFHT & IfA] 

5. Feeding the pixel intensities into the existing RT (Real Time) 
computer [CFHT] 

6. Mechanical integration on the outside skin of PUEO [C’FHT] 

7. On-sky performance evaluation [CFHT] 

PUEO-FlyEyes is a fairly straightforward project with a potentially large 
return, as it provides a fully integrated and operational 160 cell system for 
wavefront analysis on PUEO NUI. A test on the sky in Spring 2002 is our 
current goal. 

Integrating two CC’ID-35s into a single dewar requires almost the same 
amount of effort as integrating a single detector. To produce a system that is 
fully scaled for PUEO NUI, we plan to integrate two back-illuminated CCDs 
in a dewar designed by G. Luppino [5]. This will provide two "eyes", each 
with 80 cells, whose light will be analyzed by a computer to reconstruct a 
coherent image of what is happening in the pupil. This is very similar to 
actual fiy eyes, which are made of many facets and lenses working together 
to produce a single image. In actual fiy eyes this is made possible by a 
highly ordered process of organized neurons that identify specific regions of 
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space in the visual field, which is very similar to our design. Hence the name 
of the project - Fly Eyes. 

2. PUEO Overview 

The CT'HT Adaptive Optics Bonnette (AOB), also called PUEO 
(Hawaiian owl), is based on the curvature concept. First light for the system 
was in Fall 1996. Extensive documentation and information exists for this 
instrument adaptor, which is mounted at the f/8 Cassegrain focus [6,7]. It has 
been used with a variety of instruments, including KIR (lKxlK infrared 
direct imaging camera), FOCAM (2Kx2K optical direct imaging camera) 
and OASIS (integral field spectrograph). 

PUEO uses a 19 element deformable mirror requiring 19 APDs. Another 
issue related to the FlyEyes project is the real time computer (dual 
processor) that not only makes the real time calculation, but does it with 
optimization and modal control. The machine used is a SparcS (few tens of 
MHz dual CPU). See Fig. 1 for an overview of the new elements. 




Figure i. FlyEyes: overview of the new elements. 



3. CCID-35 Overview 

In 1999, ESO and UH-IfA funded the development of a detector by the 
MIT Lincoln Laboratory to address a major drawback of curvature systems: 
the highly expensive Avalanche Photo Diodes (APDs). APDs cost 
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approximately S3K per unit and are only available from a single 
manufacturer. There have also been reports within the AO community that 
the failure rate of these actively quenched APDs is quite high. At that time 
ESO was launching the AO project MACAO, a multi purpose 60 element 
curvature system developed for the Very Large Telescope (VLT), and in 
particular for the VLT Interferometer (VLTI) which required four identical 
systems. 

The nature and working principles of the detector are extensively covered 
in Beletic et al. [1]. The CCD has been successfully produced and 
subsequently tested on an optical bench at ESO, which allowed a complete 
evaluation of the detector to build predicted comparisons with APDs [2]. 

An extensive computer simulation comparison of CCDs and APDs for 
curvature wavefront sensing was also conducted by T. C'raven-Bartle at ESO 
[8]. The simulated AO-system was the MACAO 60 elements curvature 
system, and the results indicated a difference in performance of 5% Strehl in 
K-band for a 15th magnitude guide star, 2% Strehl for a 16th magnitude star, 
and less than 0.6% Strehl for all other magnitude guide stars. 

Unfortunately, due to some delay in the production of this new detector, 
the COD-35 could not be considered as WES for the MACAO systems due 
to time constraints. However, as of January 2002, the CCID-35 is available 
in the backside illuminated version and the only prospect of testing it in real 
conditions is on CFHTs PUEO. 

PUEO uses passively quenched APDs which are more robust than the 
actively quenched ones (known for their higher failure rate due to extreme 
sensitivity to over illumination) but present a quantum efficiency lower by a 
factor of two (40% versus 80%). The thinned version of the C'ClD-35 should 
have a QE peaking in the red at 95%. This should overcome some of the 
penalty induced by the readout noise and reduce the relative time lag due to 
the readout time by reducing the exposure time when using faint guide stars. 



4. Work Packages 



4.1 CCD cryostat 

These CCDs need to be cooled at cryogenic temperatures in order to 
remove the dark current component from the noise. A standard dewar 
designed by G. Luppino [5] will be used. 

The camera head wiring has 18 outputs in total: 8 per CCD for the cells 
and 2 for the tip-tilt arrays that, although they will not be used on PUEO- 
FlyEycs, represent an added benefit for PUEO NUI. Although the PUEO- 
FlyEyes experiment requires only 4 outputs (see Sec. 4.2), all 18 outputs will 
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be wired out to the main cryostat connector. Using this camera head on 
PUEO NU1 will imply the connection of a single controller, because our 
current plan is to use a SDSU-II system with limited ultra-fast parallel 
readout capabilities. 

4.2 CCD controller 

The SDSU-II CCD controller will be used to run the tw'o devices. Each 
readout will consist of 19x2 = 38 superpixels from the camera. If the 19 light 
beams can not be arranged on a single CCD due to the physical crow ding of 
the optical design, they can be split between the tw'o CCDs. There will be a 
total of 160 cells available in FlyEyes — 80 cells per CCD! To keep the 
readout time as low as possible, parallelism is a requisite. The default 
controller box provided in a SDSU-II system has six slots. Of the six slots 
one is for the timing board, one for the utility board and one for the clocking 
board. This leaves room for up to three video boards, each with tw'o video 
channels, though we w'ill limit the FlyEyes system to four video channels. 
Each of the four video channels will deal with 5 cells from a row, i.e. 20 
pixels per output per dual-readout (in and out of the pupil plane). 

Using the performance numbers established by R. Dorn at ESO [2], e.g., 
a 250 psec readout time when using 6 rows of 10 cells each, and scaling it 
down to using only 5 cells in 4 rows (a total of 20, with one empty cell), the 
predicted readout time is about 150 psec (including pre-scan pixels and other 
overheads). This results in a 1.5 e readout noise with front illuminated 
CCDs. However, the SDSU-II controller has a different architecture than the 
ESO CCD controller (CDS vs. clamp and sample). Only testing will reveal 
the noise level w'e will achieve with the SDSU-II. 

The maximum sampling'command frequency of PUEO is 1 kHz, or a 
cycle time of 1 ms. The lag induced by the 150 psec CCD readout is only 
15%. Note that the lag is important to the correction only at the highest 
frame rate - on bright objects - when the correction is already very good. As 
the flux decreases and the frame rate is adjusted to increase the exposure 
time, the relative contribution of the readout delay becomes less and less 
important in the loop. 

We will "plug" the readout values into the RTC to get an exact 
simulation (signal and timing) of the information it is passed in the current 
APD based system. This will require the development of an interface 
electronic board connecting the CCD acquisition host (running real-time 
Linux) to the RTC. 

A crucial part of the operation of this new' WFS device is perfect 
synchronization between the membrane vibration in and out of the pupil 
plane (4 kHz) and the shifting of the charges on the CCD, in order to achieve 
symmetric integration timing for both sides. The SDSU-II controller w'ill 
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easily satisfy this requirement since it can operate in an interrupt mode based 
on an external signal. The membrane sinusoidal signal simply needs to pass 
through a zero crossing circuitry that will generate a pulse. Each pulse will 
trigger an immediate shift of the charges in the storage areas. This 
interruption of SDSU-I1 has been tuned and was used for the first time 
within the SDSU community in 1998 at CFHT to synchronize the readout of 
both CFH12K controllers within 6 ns. 

4.3 Optical coupling 

We first investigated a coupling through the silicate cryostat window, but 
the optical losses appeared to be too high. It is. however, possible to produce 
a 1 to 1 optical coupling through the window that would preserve a decent 
image quality without any overlap between the fibers' signal on the CCD. A 
new design is currently being developed by G. Luppino and CFHT to allow 
the fibers to go through a front plate and come within 200 pm of the CCD 
surface. 
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ULTRA-CLEAN CCD CRYOSTATS 

CCD contamination can be kept under control 



Sebastian Deiries, Olaf Iwert, Cyril C'avadore, Christian Geimer, and 
Evi Hummel 
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Abstract: A reproducible method to achieve ultra-clean CCD cryostats is presented. 

including a list of suitable materials and necessary treatments. In addition, 
proper handling under clean-room conditions and suitable molecular sieves to 
eliminate contamination on the detector surface in cold cry ostats for years are 
described. 

Key words: contamination, cleaning. Charge-Coupled Device (CCD), cryostat, charcoal, 

clean-room, out-gassing, zeolith 



1. INTRODUCTION 

Over the last few years, ESO's Optical Detector Team (ODT) has 
developed a comprehensive method to achieve ultra-clean CCD cryostats, 
because scientific results are insecure if obtained with unclean systems. 
Usually, contamination (see Fig. I) first decreases the ultraviolet and blue 
spectral response of a CCD sensor. In this phase contamination is invisible to 
the naked eye. If contamination features become visible, the resulting effect 
is much greater and, obviously, affects the visible spectral range as well. In 
order to measure the probable effects of contamination on Quantum 
Efficiency <QE) at the telescope, the ODT developed a portable test bench. 
In order to be able to quantify this critical problem, a procedure was 
developed for the ODT test bench in Garching to measure the exact degree 
of contamination on detectors. Contamination occurs under vacuum 
conditions due to the out-gassing of unsuitable materials. If this occurs near 
the CCD detector, which has the lowest surface temperature, unwanted 
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condensation forms at its surface. The graphs shown in Fig. 2 illustrate the 
corresponding QE decrease. 




Figure I. Contaminated CCDs. 




Figure 2. QE decrease on CCD due to contamination. 



2. Recipe Against Contamination 

A reproducible method to avoid QE decrease due to contamination is 
now available [1]. A list of materials used in ESO's cryostats is given in 
Table 1. Suitable and unsuitable materials alike have been obtained as a 
result of ESO's program of categorizing samples w ith a mass-spectrometer 
[3] and from a NASA list [2]. The procedure used to achieve the components 
of ultra-clean cryostats is given in Table 2. First, all components arc hand 
cleaned with paper and a suitable solvent. Then they are washed twice in an 
ultrasonic bath, eventually dried with pressurized nitrogen or paper and later 
baked in a vacuum oven at the maximum possible temperature. Lastly, the 
CCD cryostat is assembled with gloves under clean-room conditions (see 
Fig. 3). 
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Figure 3. Cryostat assembly in clean room 



Table I. Materials used for ultra-clean cryostats in addition to stainless steel, aluminum, 
glass, INVAR, gold coating, oxygen free copper and electronic SMD components. 





Material, manufacturer 


Curing in 
vacuum 


Max. service 
temperature 


Cleaning 

agents 


Ethanol, propanol, acetone, 
any 


• 


40 "C 




Tickopur-soap, Bandelin 


- 


85 °C 


Fiberglass 


HGW 2372, Ferrozell 


- 


130 0 C 


Glue 


EP21TCHT-1. Master Bond 


1-2 h/93 °C 


-269 to +204 °C 


Heating 

resistors 


MP821, TO-220 power 
package, 20 W, Caddock 


• 


175 °C 


Internal 

connectors 


Glass-filled polyester 
UL94V-0, Harwin 


• 


85 °C 


O-ring 


Viton 70A/80A. Busak & 
Shamban 


• 


200 °C 


PCBs 


Kapton with copper, any 


4 h'l 20 °C 


130 °C (250 °C) 


Ultra high 
vacuum grease 


Fluorinated Fomblin grease, 
FM 090. Pfeiffer 


• 


100°C 


Vacuum 

connectors 


Hermetic connect., Hirelco 
Intern, connectors. Microdot 


• 


95 °C 


Sorption 

pumps 


Zeolith. any 


1 8 h/200 °C 


350 °C 


Coconut active charcoal, 
any 


1 8 h'20 °C 


> 100 °c 


Thermal fuse 


R&S, 176-9148, any 


- 


75 °C 


ZIF-Socket 


Glass-filled polyphenylene 
sulfide (PPS), 3M. any 


18 h'l 05 "C 


105 °C 
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Table 2. Treatment of components. 



Material 


Washing 


Vacuum 

baking 

(10”^ mBar) 


Possible 

solvent 


£? 

c 

1 

V 

■O 

e 

= 


$ 3 U - Z- 

iis HU 

■|£s - 111 ' 

i!f ‘H' : 
-2% ~ % 1 


cL 

E 

a 

E 

3 

E 

* 

n 

2 


Min. duration 


Modified epoxy material 


Acetone 


no 


30 min 


30 min. 


120 "C 




Metals pans (AI and steel) 


Acetone 


yes 




30 min 


180%: 


16 h 


Electro- 

nic 

boards 


ZIF-sockcts 


Alcohol 


no 


30 min 


30 min 


150 °C 


72 h 


Raw boards 


Alcohol 


no 


30 nun 


30 min 


120 *C 




Soldered PCB 


Alcohol 


yes 


Not 

Performed 


Not 

Performed 


85 °C 


72 h 


CCDs 


EEV 


None 


yes 


Not 

Performed 


Not 

Performed 




72 h 


Tektronix 


None 


no 


Not 

Performed 


Not 

Performed 


55 ■C 


72 h 


M IT'LL 


None 


yes 


Not 

Performed 


Not 

Performed 




72 h 


Vacuum connectors 


Alcohol 


no 


30 min 


30 min 


85 -C 


16 h 


Welded inner tank 


Acetone 


yes 


30 min 


30 min 


85 U C 


72 h 


CFC inner tank structure 


Alcohol 


yes 


30 min 


30 min 


85 “C 


72 h 


Painted shields 


None 


no 


Not 

Performed 


Not 

Performed 


120% 


72 h 


Glued components 


Alcohol 


yes 


Not 

Performed 


Not 

Performed 


120% 


72 h 


VITON O-rings 


Alcohol 


yes 


30 min 


30 min 


120% 


16 h 


Zcolith (sorption pump) 


- 


no 


- 


- 


>180% 


16 h 


Active charcoal 


Alcohol 


no 


- 


- 


100%' 


16 h 


Vacuum pipes 


Acetone 


yes 


30 min 


30 min 


180% 


16 h 


Fittings 


V acuum valve 


Alcohol 


yes 


- 


- 


120% 


16 h 


V acuum gauge 


Alcohol 


yes 


- 


- 


85%: 


16 h 



Further investigations comparing zeolith and charcoal, used in the 
cryostat’s molecular sieve, have been done. Coconut charcoal was found to 
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be the best material to prevent organic contamination. Regenerated zeolith 
absorbs water better. It is only if the geometry of the cryostat is unfavorable 
that water ice contamination on the CCD is unavoidable. This results from a 
large warm surface “looking” directly at the CCD detector. Lastly, a 
specially designed clean room was built for the proper handling and 
assembly of the cleaned parts to ensure very clean CCD cryostat. With all 
these measures, we have been able to avoid contamination at the telescopes 
for several years in all the CCD cryostats that are kept cold. 
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Sebastian Deiries, moments before measuring the temperature of molten lava. For the 
experiment he used a specially engineered PULPO system. The temperature was exactly 
1234.2998 °C. averaged over 50 simultaneous measurements. /Courtesy P. Sinclaire) 
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Abstract: The chemical sciences have been profoundly influenced by the development of 

advanced focal plane array detectors. The incorporation of existing 
technologies de\ eloped for infrared multiplexers has already had a positive 
effect on the fields of isotope ratio mass spectrometry and ion mobility- 
spectrometry. Multiplexer based ion detectors have improved detection limits 
by several orders of magnitude over conventional Faraday cups while 
maintaining a high degree of stability. 



Key words: IttfraRed IIR) multiplexers. Charge-Coupled Device (CCD). Charge-Injection 

Device (CIDf, ion detection. Ion Mobility Spectrometry (IMS), mass 
spectrometry, focal plane array 



1. Introduction 

1.1 Use of Charge-Transfer Detectors in Analytical 
Chemistry 

Technologies originally developed by the astronomy community have 
had a great effect on the field of chemical spectroscopy. Scientific Charge- 
Coupled Devices (CCDs) and Charge-Injection Devices (CIDs) are the 
detectors of choice for many areas of optical spectroscopy. The use of 
specialized formats and operating modes custom-tailored for spectroscopy, 
coupled with optimized optical trains, has resulted in a major increase in 



311 




312 



M. Bonner Denton, et al. 



performance. The high quantum efficiency, low read-noise, and multiplex 
advantage offered by modem focal plane arrays yield improved sensitivity, 
increased linear dynamic range, higher accuracy, and shorter analysis time. 
Recently, high performance charge read-out multiplexers designed for IR 
arrays have been utilized to detect ions in both mass spectrometry and Ion 
Mobility Spectrometry (IMS). The initial results have been spectacular. 

1.2 Ion Detection 

Detector technology employed in modern mass spectrometers and other 
instruments, such as ion mobility spectrometers, has remained virtually 
unchanged for the past thirty years. Two approaches are usually employed 
[ 1 ]- 

The more common method of ion detection uses an electron multiplier. 
Most instruments currently using electron multipliers have either a discrete 
dynode multiplier or a continuous dynode multiplier. These ion detectors 
operate when an ion crashes into a conversion dynode. Impact causes the 
emission of an electron subsequently amplified by a dynode structure similar 
to that found in a photomultiplier. This approach suffers from gain drift and 
from conversion efficiencies that degrade with use and are dependent on ion 
mass, ion energy, and ion conformation. Aging caused by contamination of 
the conversion dynode and subsequent multiplier dynodes further contributes 
to operational instability. 

When stable measurements involving ion detection are required, such as 
in isotope ratio mass spectrometry, the next most common detector — the 
Faraday cup — is used. The classic Faraday cup consists of a conducting 
electrode surrounded by a conducting cup to contain secondary electrons. 
The ion beam is intercepted by the Faraday cup opening, and the discharge 
current is determined via a pieoammeter. This method of direct current 
detection offers very high stability but suffers from lack of sensitivity. State- 
of-the-art Faraday cup detectors require 6000 ions/sec to produce a 
detectable signal [2,3]. Most instruments require a current several orders of 
magnitude higher (up to one million ions/sec) under normal operating 
conditions. 

Professor M. B. Denton [1,4] suggested the use of a modified IR focal 
plane multiplexer to read out an array of micro-Faraday cup ion interceptors. 
The IR multiplexer was modified by removing the IR active photolayer and 
wire-bonding the Faraday fingers to the multiplexer input pads. 
Experimental characterization of this innovative approach is presented here, 
as are the first experimental results using this technology in conjunction with 
ion mobility spectrometry. 
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2. Results 

2.1 Micro-Faraday Finger Ion Delector Characterization 

The first-generation micro-Faraday finger array ion detector consisted of 
32 Hat, gold, finger-shaped electrodes used as individual ion detector pixels, 
wire-bonded to a Capacitative Trans-Impedance Amplifier (CTIA) [4], The 
CTIA was developed by E. T. Young of Steward Observatory for use on the 
multi-band imaging spectrometer (MIPS) to be deployed on the space 
infrared telescope facility project (S1RTF) [5]. The equivalent circuit for the 
detector is shown in Fig. 1. Each amplifier in the array employs a 36 fi ; 
capacitor in the feedback loop to produce an output of 4.4 mV per charge 
intercepted by the collecting electrode. The detector elements are 145 pm 
wide and follow a repeat pattern of a full pixel (5.0 mm), 'A pixel (2.45 mm), 
a full pixel, and / pixel (1.60 mm). The fingers are separated by a 10 pm 
gap. a 1 0 pm guard electrode to suppress secondary electron emission from 
spreading between pixels, and another 10 pm gap. This configuration was 
chosen to evaluate the effect of the finger capacitance on performance. 



RESET 




Figure I. Effective circuil of an individual detector element. 

Unlike traditional Faraday cup operation, the CTIA integrates charge from 
incident ions, enabling a few ions to be detected over an extended integration 
time. As a consequence, very few ions are required to produce a detectable 
signal while maintaining the high degree of stability associated with Faraday 
cup detection. The bipolar charge integration circuit allows the device to 
detect either positive or negative charged ions. The finger and multiplexer 
array are incorporated into a modified Spectral Instruments series 500 
camera electronics package. The multiplex advantage of an array detector is 
realized because the spectrum does not need to be scanned. The increased 
sensitivity demonstrated thus far is phenomenal. Figure 2 shows the 
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dctcclion of an Ar beam by the micro-Faraday finger array, with 100 ions 
incident during an exposure time of 1 .0 sec. 

Ion Exposure : 100 Ions / sec in 1.0 sec 




Figure 2. Detection of 100 Ar' ions by the micro-Faraday finger array. 

The device readout architecture supports the ability to perform non- 
destructive readouts. This allows the expansion of the linear dynamic range 
from five orders of magnitude using destructive reads, as in a CCD, to over 
nine orders of magnitude using Random Access Integration (RA1). In RA1, 
the time between destructive read-outs is varied from pixel to pixel so that 
the detector elements receiving low ion fluxes are integrated for longer 
periods than those receiving a high ion flux. Detection limits can be further 
reduced through ensemble averaging, by using multiple non-destructive 
readouts. Read-noise decreases by the square root of the number of rereads. 
The overall detection limit is therefore reduced from thousands of ions/sec, 
as in a Faraday cup, to less than fifty ions. 

2.2 Micro-Faradav Detector on a Mattauch-Herzog Mass 
Spectrometer 

The micro-Faraday array was coupled to a Mattauch-Herzog geometry 
mass spectrometer and operated without the need to scan the magnetic field. 
The initial results of this union are presented by Barnes, et al. [6], In this 
work, the resulting detection limit of the device when coupled to the mass 
spectrometer was studied, as were the isotope ratio accuracy, the % RSD, the 
linear dynamic range, and the effect of ensemble averaging on the % RSD 
by increasing the integration time. This spectrometer employed a DC glow- 
discharge as the ion source with a steel sample (NIST SRM 443) serving as 
the cathode. The mass spectrometer was composed of an entrance slit and 
electric and magnetic sectors at angles of curvature of 31.8° and 90°, 
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respectively. In a mass spectrometer of this geometry, the ions are focused 
onto a Hat focal plane, suitable for an array detector. 

The micro-Faraday array detector was placed at the center of the focal 
plane and was cooled to 233 K by a Peltier cooler. The range detected by the 
focal plane detector depended upon the mass-to-charge ratio setting of the 
mass analyzer. On this instrument, the 32 pixel device typically covered a 
range of 8 m/z units: future larger arrays could easily be made to encompass 
the entire m/z range of all elements on the periodic table. A mass spectrum 
containing several isotopes of Sn from a steel sample is shown in Fig. 3. 

Tin Isotopes Detected with Micro-Faraday Finger Detector 

3100 
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Figure 5. Mass spectrum of Sn isotopes using micro-Faraday finger array detector. 

Detection limits for several isotopes comparable to those of the electron 
multiplier, previously employed as a single channel detector, were obtained 
for many elements in the ppb or ng/g range. In some eases, detection limits 
using the micro-Faraday array were superior to those of the electron 
multiplier, and in all eases, detection limits were improved three orders of 
magnitude over those observed with an electro-optical imaging (array) 
detector utilizing a CCD [7]. For “ fi, the detection limit using the micro- 
Faraday finger array was 5 ng/g (ppb). Ti from the steel sample was used to 
determine isotope ratio accuracy and precision. The average determined 
error in accuracy was 1-3%. At the longest integration time then possible 
with the camera read-out system, the % RSD for 46 Ti/* 7 Ti and 49 Ti/ 5a Ti was 
0.2%. A decrease in % RSD was demonstrated with increased integration 
time from 2 msec to the limit of 100 sec. T his decrease in % RSD is due to 
ensemble averaging. Longer integration times are expected to further 
improve isotope ratio precision. 

Initial studies using this un-optimized focal plane detector are promising 
because the figures of merit are already comparable to those of established 
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technologies. The low detection limits can be further improved with 
advanced readout modes and specialized architecture to minimize read- 
noise. Isotope ratio precision is expected to increase as integration time is 
increased. Even un-optimized, the micro-Faraday array has a dynamic range 
of six orders of magnitude [6], This new technology holds great potential for 
the advancement of detectors in mass spectrometry. 

The micro-Faraday array currently has limitations when used in this 
particular mass spectrometer. At the moment, resolution is limited by 
physical pixel size. Future generations of this technology will employ 
smaller pixels, on the order of tens of microns, and optimized electronics. 

2.3 Charge Detection in Ion Mobility Spectrometry 

Ion mobility spectrometry relies on the differential times of flight 
between large and small ions in a viscous gas at or near atmospheric 
pressure. Ions are identified by their relative arrival times. IMS normally 
uses direct current Faraday plate detection [8] often requiring 10 6 ions for a 
detectable signal. The success of IMS has been severely limited by the large 
number of ions present in the mobility spectrometer that are required for 
detection. The presence of so many ions causes poor dynamic range (two 
orders of magnitude) and low resolution, which results in false positive 
responses for chemical warfare agent monitoring and detection limits too 
poor to be useful for certain compounds. Employing the micro-Faraday array 
on IMS instrumentation promises to improve linear response, eliminate false 
positives, and improve detection limits. 

The micro-Faraday array detector was coupled to a Phemto-Chcm PC- 
110 ion mobility spectrometer to determine the applicability of this new 
detector to IMS. Although the multi-channel capability of the array detector 
is not crucial in IMS, the detector's extreme sensitivity is a considerable 
advantage. The sample used in this study introduced a total of 100 
femtograms of the explosive HMX in an acetonitrile solution. For each 
experiment, the micro-Faraday array was held at -19 °C and the IMS was 
heated to 80 °C (a larger temperature differential rendered the multiplexer 
inoperable). Spectra were acquired at 8 Hz using a 2 msec shutter pulse and 
1300 V applied to the drift rings. The average of 5 spectra of HMX is shown 
using the micro-Faraday array, along with the average of 10 background 
spectra, in Fig. 4. 
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IMS Spectrum o< MMX and Reactive Ion Background with Micro- 
Faraday Finger Array Detection 




Figure 4. Ion mobility of II MX and reactive ions. 

These preliminary dala showed that the most significant advantage of the 
micro-Faraday array technology was a marked increase in sensitivity over 
that of conventional direct ion current detection. This sensitivity was tested 
by comparing HMX spectra acquired with the modified PC-110 IMS with 
those acquired on an unmodified PC- 110. Two hundred averaged spectra 
with the direct current detection system were required to achieve the signal- 
to-noise ratio obtained from five averaged spectra with the micro-Faraday 
array detector. Additionally, the micro-Faraday array fingers used in this 
study intercepted only one-third of the area of the IMS ion beam. Had the 
full area been detected, sensitivity would have increased overall by two 
orders of magnitude over that of Faraday plates. 



3. Discussion 

Although the micro-Faraday finger array detector has been shown to 
work in mass and ion mobility spectrometries with acceptable results, these 
two types of detectors have yet to be optimized. These studies indicate that 
technologies developed for IK focal plane detectors can be adapted to create 
improved ion detectors for chemical analyses. 

Ion detectors for various applications require significantly different 
operating characteristics. Isotope ratio studies require long integration 
periods to achieve high precision (the 0.01% RSD design goal of the DOF). 
Ion mobility experiments, on the other hand, require high speed because full 
spectra must be acquired on the ms time scale — charge measurement 
precision is not as important as time resolution. Other parameters, including 
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operating temperature and pressure, detector-element geometry, stability 
requirements, and dynamic range, must be optimized for each application. 

4. Conclusion 

Results obtained using ion detector arrays based upon 1R focal plane 
multiplexers are comparable to those obtained with single channel electron 
multipliers and are superior to those of traditional Faraday cups while also 
offering a significant multiplex advantage. Optimized micro-Faraday array 
detectors for ion detection have the potential to revolutionize chemical 
techniques, such as mass spectrometry and ion mobility spectrometry. 
Development of multiplexers and readout systems specifically for ion 
detection in chemical fields will greatly improve the capabilities of modem 
analytical instruments. 
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Abstract: Advances in Charge-Coupled Device (CCD) technology motivated an 

investigation of the use of a specially designed CCD as the wavefront sensor 
detector in a 60 element curvature AO system. A CCD has never been used 
before as the wavefront sensor in a low light level curvature adaptive optics 
system. A CCD can achieve nearly the same performance as APDs at a 
fraction of the cost and with reduced complexity for high order wavefront 
correction. Moreover the CCD has higher cptantum efficiency and a greater 
dynamic range an APD. A readout noise of less than 1.5 e‘ at 4000 ft ames/sec 
was achieved. A back-illuminated thinned version of this CCD can replace 
APDs as the best detector for high order curvature wavefront sensing. 

Key words: Charge-Coupled Device (CCD). Avalanche Photo Diode (APD). curvature 

sensing. Adaptive Optics (AO), detector's 



1. Introduction 

Curvature AO systems have traditionally used Avalanehe Photo Diodes 
(APDs) as detectors. APDs are photon counting devices that produce a pulse 
on their output whenever a photon is detected. APDs have no readout noise 
and readout is almost instantaneous. However, they have some serious 
drawbacks compared to Charge-Coupled Devices (CCDs): 

• A Small dynamic range. 1'his calls for the use of neutral density 
filters to adapt the incident photon flux to the dynamic range of 
the APD. CCDs, on the other hand, have an enormous dynamic 
range and thus require no filters. 
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• Low quantum efficiency. APDs typically have a peak quantum 
efficiency of 70% at 700 nm, while the same number for CCDs is 
over 90%. 

• High dark current. APDs generate dark current, or false photon 
counts, of 100 to 250 counts/sec depending on the cost of the 
APDs, while a well-cooled CCD generates a negligible amount 
of dark current. 

• High cost. A 60 element AO system using APDs is significantly 
more expensive than one using a CCD. 



2. Architecture and Functionality of the 
Curvature CCD 

To summarize the design [1,2], the curvature CCD (sec Fig. 1) consists 
of 80 integration areas (superpixels). Each superpixel consists of 20x20 
pixels, where a pixel is 18x18 pm in size. The total height of each column is 
10 superpixcls or 200 pixels. There are 8 columns for a total of 80 
superpixels and an independent tip/tilt sensor array. Very short exposure 
times (250 pscc) with "long" integration times ( 1 to 20 msec, 2 to 40 cycles 
of a 2 KHz membrane) are possible with the ability to switch between half- 
cycle integrations within 10 pscc and to store half-cycle frames on-chip 
while integrating other half-cycle frames. The read out time of all pixels is 
250 psec with the use of multiple readout ports to have slower readout rates 
and lower readout noise. B1 (Back-Illuminated) devices will have high 
quantum efficiency (peak greater 80%). 




Figure I. Pictures of the curv ature CCD 
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3. Prototype System and CCD Test Results 

To test the performance and the functionality of the curvature CCD, a 
laboratory system (see Fig. 2) has been built to allow independent testing 
without the need to interface to a full adaptive optics system. An integrating 
sphere and a stable light source were used to simulate the membrane 
movement and providing the light signal for CCD characterization. An 
Oeffner relay optics was designed (consisting of two spherical, reflecting 
surfaces) to re-image the light of the fibers 1:1 onto the superpixels) and a 
fiberfeed with 60 individual fibers plus 4 additional fibers for the tip/tilt 
sensor to feed the subapertures of the CCD with light. 



Piciuic ill the Libur* ofy dctccuu ntimt 




A readout noise of less than 1.5 e’ was achieved for all readout ports 
including the tip/tilt sensor at a readout speed of 4000 fiamcs/sec [1]. With 
all pixels per readout port binned into 12 superpixels, it was possible to read 
the serial register relatively slowly at 50 Kpix/scc. Vertical and horizontal 
CTE is better than 0.99999 down to lowest light levels. Residual non- 
linearity better than 0.5% / -0.5%. (peak to peak). Negligible amount of dark 
current at 197 K (0.25 e per subaperture at 50 Hz frame rate). 
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4. CCD Performance Compared to APDs 

A common measure used lo quantify the performance of an AO-system is 
the Sirehl ratio of the corrected Point Spread Function (PSF). To compare 
the performance of the CCD and APDs, a computer model of the 
atmosphere, telescope and AO-system was developed in MatLab. Using the 
computer model [1,3], the Strehl ratio in K band was measured for guide 
stars of magnitude 10 to 18 and compared for the different detectors. The 
CCD performs as well as APDs over the entire range of magnitudes down to 
very faint guide stars at magnitude 18. Figure 3 and fable 1 show a small 
difference in the performance of the CCD of 3% at magnitude 15 compared 
to APDs 



Table i. Parameters for the Simulation 



Property 


APD 


CCD 


Sky background magnitude 


19.0 


19.0 


Field of view diameter 


2~ 


2” 


Quantum efficiency 


70% 


80% 


Dark current [c'/scc] 


250 


0 


Read-out noise [C RMS] 


0 


1.5 


Read-out delay (ps) 
Seeing [arcsecl 


0 

0.65 


250 

0.65 



Performance at CCD comparer! lo APDs 




Guide star magnilude 

Figure 3. CCD performance compared to APDs 
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5. Conclusion 

It can be concluded that the CCD achieves nearly the same performance 
as APDs. Thinned versions have the potential to work as well as APDs with 
reduced cost and reduced complexity. No neutral density filters are needed 
(simpler) and the CCD provides a much greater integration area per 
subaperture (360 pm by 360 pm). Moreover, the CCD has a higher quantum 
efficiency and a greater dynamic range (factor 1000) than APDs. A readout 
noise of less than 1 .5 e at 4000 frames/sec has been demonstrated with the 
laboratory system. The curvature CCD combines high order curvature 
sensing with the possibility of separate tip/tilt sensing in one sensor and will 
be tested in the future at the CFHT telescope in the mainframe of the CFHT's 
FlyEyes project [4]. 
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Abstract: The Nasmyth Adaptive Optics System (NAOS) was installed in December 2001 

on the Nasmyth focus of the ESO Very Large Telescope (VI. T). It includes two 
wavefront sensors: one operates at JR wavelengths, the other at visible 
wawlengths. This paper describes the NAOS visible wavefront sensor based 
on a Shack-/ lartmamt principle. This wavefront sensor unit includes: I) A 
continuous flow liquid nitrogen cryostat and a low noise fast readout CCD 
camera controlled by the ESO new generation CCD system FIERA using a 
fast frame rate EEV/Marconi CCD-50. This 128x128 pixels split frame 
transfer device has a readout noise of 5 e' at 50 Kpix/sec/port. FIERA 
provides remotely controlled readout modes with optional binning, windowing 
and flexible integration time. 2) Two remotely exchangeable micro-lens arrays 
(14x14 and 7x7 micro-lenses) cooled to the CCD temperature ( -100 'Cf The 
CCD array is directly located in the micro lenses focal plane, only a few 
millimeters apart without any relay optics. Additional oplo-mechanical 
functions are also provided (atmospheric dispersion compensator, flux level 
control, field of view limitation). On-sky performances of the wavefront sensor 
are presented. Adaptive optics corrections were obtained with a reference star 
as faint as visible magnitude 1 7. Die maximum achievable band-path is 35 Hz 
at 0 dB for the open loop transfer function. 

Key words: Charge-Coupled Device (CCD), low noise, camera. Adaptive Optics (AO) 

system, wavefront sensor. Strehl Ratio, microlenses, cryostat. 
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1. Introduction 



NAGS, fully described in [1] and [2], is the Adaptive Optics (AO) 
system of the ESO Very Large Telescope (see Fig. I). Installed at the 
Nasmyth focus of the VLT, NAOS is the AO system for CONIC'A (see [3]), 
the science infrared camera. NAOS will provide diffraction-limited images 
in the I -5 pm wavelength range. NAOS was designed and manufactured by 
a French consortium (ONERA. LAOG and Observatoire de Paris). 

The deformable mirror with 1 85 useful actuators compensates for the 
atmospheric disturbance measured by two Shack Hartmann WavcFront 
Sensors ( WFS). one covering the visible wavelengths and the other covering 
the infrared. This paper describes the visible wavefront sensor and its CCD 
camera. NAOS is mounted on the telescope adapter rotator and rotates with 
the telescope field rotation. Therefore, the structure stiffness of the whole 
instrument is critical for the final performance of the instrument. The opto- 
mechanical path of the wavefront sensing channel requires special care to 
avoid flexure which may highly contribute to an image quality degradation. 




Figure I. NAOS-CONICA mounted on the Yepun telescope (left) and the VLT Platform at 
Paranal just before the NAOS first light in November 2001 (right). 



The sensitivity of the whole NAOS instrument is highly dependent on the 
wavefront sensor performance. The visible WFS for NAOS uses a 128x128 
pixels low noise CCD fabricated by EEV/Mareoni with 16 output ports to 
allow a high frame rate (up to 500 frames/sec) and low noise (3 e ). 



2. NAOS and Visible Wavefront Sensor 
Presentation 

A set of dichroic beam splitters allow the sharing of the NAOS incoming 
light between the scientific path (C'ONICA) and the wavefront sensing path. 
The reflected part of the light is redirected to the wavefront sensors. 
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A field selector, composed of two parallel mirrors placed in the f/15 
beam, chooses the reference star for wavefront sensing separately from the 
scientific observed object. The description of the field selector is given in 
[4]. Then a mirror selects the required Shaek-Hartmann wavefront sensor, 
either IR or visible WFS. 

The visible wavefront sensor is basically comprised of a cooled CCD 
camera, including 2 lenslet arrays that can be remotely exchanged and one 
opto-mechanical bench located at the cryostat outside. The different 
elements of the visible wavefront sensor are shown in Fig. 2. 




Figure 2. Block diagram of NAOS and of the visible wavefront sensor. 



3. The Low Noise Readout Camera 

The Visible WFS Detector System (sec [5,6]) is split into three main 
parts: the CCD detector, the cryostat and the CCD controller. 

3.1 The EEV/Marconi CCD-50 description and 
architecture 

The CCD used in the NAOS project was manufactured by EEV/Marconi 
based on a contract with ESO. 
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This CCD is a split frame transfer CCD with a light sensitive area of 
128x128 pixels and a pixel size of 24 pm. The 2 storage sections arc light 
shielded. If the light shield is misaligned an additional 4 rows on each 
storage section will compensate. The charge is shifted to each 8 output 
amplifiers on the bottom and top side. Therefore, the CCD is partitioned into 
16 sections with one amplifier per section (see Fig. 3). 

A subsection of the CCD with 16x64 pixels of the image zone, the 
corresponding storage section and the serial register are also shown in this 
Fig. 3. All of these sections of the CCD are clocked in exactly the same way. 
Due to the lenslct array configuration (14x14 or 7x7 sub-apertures), only 14 
of the 16 CCD outputs are used for NAOS. 




'I' 1 — - 2 |«ck» pucl. 
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Figure 3. Detector architecture of the 128x128 CCD. 



3.2 The FIERA CCD Controller 

3.2.1 Presentation 

ESO has built a universal CCD controller able to drive a variety of "new 
generation" CCDs. This system is called FIERA (Fast Imager Electronic 
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Readout Assembly). The requirements for the FIERA CCD Controller are 
briefly summarized hereafter: 

• System noise negligible compared to the readout noise of the 
CCD amplifier. 

• x2 and x4 binning capability, windowing capability 

• Up to 2 Mpix/sec operation 

• 16 simultaneous video outputs can be managed (on NAOS. we 
use 14 A/D converters 16 bits/1 MHz) 

• Cross-talk between channels of the CCD controller must be 
negligible - less than 1 bit or less than the CCD readout noise. 

3.2.2 The CCD readout modes and noise performances 

Each readout mode defines the following parameters: windowing, 
binning, conversion gain (in c'/ADU) and frame rate. We need several 
readout modes for the following reasons: 

- we have to match the readout mode with the micro-lens array 
configuration (7x7 or 14x14 microlenses). 

- the readout noise has a strong impact on the NAOS performance in 
terms of sky coverage. Because the readout noise decreases with the pixel 
frequency, the CCD readout is designed to skip the unused pixel, either by 
binning or by windowing. The pixel frequency can then be redueed. Table 1 
shows the list of readout modes that are effectively used in NAOS. Also 
shown in this table is the noise performance of the CCD camera measured 
on the VLT telescope, demonstrating the very low noise with this system. 

Table I. List of readout modes for the NAOS visible wave-front sensor and readout noise 
performance measured on the VLT telescope. CCD dark images are also shown. 




Model Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8 
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3.3 Cryostat flexures 

The specifications concerning the cryostat flexures when the system is 
rotated are very striet. Flexure tests were performed using a rotating table 
allowing a full 360° rotation to simulate the NAOS adapter rotation during 
the astronomical observations on the telescope. 

Cryostat flexures as low as 2 pm (peak to peak for one complete turn) of 
the inner part of the cryostat compared to the outer part was measured and 
0. 1 pm in the same conditions for the microlenses displacement compared to 
the CCD. These demonstrated a remarkable stiffness of the cryostat and of 
the micro-lens arrays exchange mechanism (see [6]). 

3.4 Lenslet array alignment 

The two lenslet arrays are aligned with respect to the CCD and the 
following specifications : 

• X and Y lenslet location (CCD) accuracy : 2 pm 

• parallelism CCD/lenslct array : 2 pm from one side of the lenslet 
to the other 

An image of the aligned spots obtained al cold temperature with the two 
lenslet arrays is shown in Fig. 4. From these images, we computed the 
location of each spot by measuring the centroid of eaeh spot and. hence, we 
deduced the overall lenslet alignment accuracy in location and parallelism. 




Figure 4. /left) Image of the spots with the 7x7 lenslet array at cold temperature, micro- 
lenses aligned: (right) same image with the 14x14 lenslet array. 

The two lenslet arrays can be exchanged at cold temperature with a re- 
positioning precision of 2 pm (RMS). 
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4. Results on the VLT Telescope 



NAOS, including all its subsystems such as the visible wavefront sensor, 
was installed on the VLT Yepun telescope unit in mid-November 2001, as 
well as the scientific infrared camera CONICA. NAOS and CONICA 
obtained their first light on the VLT November 25 th 2001 during the first 
commissioning period. The excellent performance of NAOS and the visible 
wavefront sensor allows very high Strehl ratio as shown in Fig. 5. 
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FigureS. Strehl Ratio of NAOS and CONICA using the visible wavefront sensor. 

Simulations and measurement in the laboratory are shown at the same time in the 
figure, as well as the micro-lenses configuration (7x7 or 14x14). The seeing was 
0.57 arcsec, the wind speed 10 m's, and the Strehl Ratio is measured using a 
narrow band filter at 2.166 pm with the CONICA science camera. 

At low visible magnitude, a Strehl Ratio of up to 70% can be obtained, 
whereas closed-loop AO operation was demonstrated with a natural guide 
star as faint as magnitude 17, as shown in Fig. 6. These two properties (high 
Strehl ratio and closed-loop with very faint stars) demonstrate the 
remarkable qualities of the NAOS visible wavefront sensor and of its CCD 
camera. The maximum achievable band-path is 35 Hz at 0 db for the open 
loop transfer function. This was measured in the laboratory using readout 
modes at 444 Hz corresponding to the lowest magnitudes of Fig. 5. 
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Figure 6. With ihe visible wavefront sensor, NAOS was able to close the loop using a 1 7- 
magnituile reference star just one week after the NAOS first light on the VLT 
(November 25, 2001 ). 



5. Conclusion 

The NAOS visible wavefront sensor, based on the Shack-Hartmann 
principle, was a collaborative effort between the ESO Optical Detector 
Team, the Observatory of Grenoble and ONERA. It demonstrated excellent 
performance due to the quality of the EEV/Marconi CCD chip, of the 
ESO/FIERA camera and the mechanical stiffness. Despite the possibility to 
remotely exchange the two lenslet arrays on the sky inside the cryostat at 
cold temperature, the mechanical properties of the wavefront sensor in terms 
of stiffness and re-positioning accuracy are remarkable. Also the possibility 
to obtain very low readout noise with fast frame rates gives the NAOS AO 
system the possibility to have high Strehl ratios and close the loop with very 
faint reference stars, thereby increasing the sky coverage with visible natural 
guide stars. NAOS will be offered to the astronomical community by autumn 
2002. 
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Abstract: We present a third generation Image Photon Counting System (/PCS) based 

on an GaAs photo cathode that can achieve quantum efficiency up to 28% 
comparable to a thick CCD. but without readout noise. This system is 10 times 
more sensitive at //„ wavelength than previous photon counting cameras. In 
terms of S/N ratio, the system outperforms the CCD for extremely faint fluxes, 
including anti-reflective coated low noise thin CCDs. 

This system offers up to IK*IK pixel, which is the largest monolithic I PCS. 
An original cooling system based on a Ranque-I Hlsh vortex tube is used on 
this camera. The real-time centering is done by a scalable DSP board. 
Preliminary’ results obtained with this new camera coupled with a scanning 
Fabrv-Perot at the Cassegrain focus of the 3.6-m ESO telescope, the 1.93-m 
Observaloire de Haute Provence (OHP) telescope, and 1.6-m mont Megan tic 
OmM I Quebec ) telescope are presented. 

Key words: Image Photon Counting System (I PCS), photon counting detectors. Fabry 

Perot, galaxies, radial velocities, integral field spectroscopy 



1. Introduction 

In ihe last two decades, several multiplex scanning instruments, e.g., 
Fourier Transform Spectrographs (FI'S) [I], scanning Fabry-Perot integral 
field spectrometers such as TAURUS [2], CIGALE [3], HIFI (4), and 
PYTHEAS [5], have been developed and tested at the foci of 2-6-m class 
telescopes. At the same time, since the last development achieved in the 80’s 
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(see [6-8]), it is only recently that image photon counting systems (IPCS) 
have opened new perspectives to the full exploitation of multiplex scanning 
instruments. Indeed, a new generation of GaAs and GaAsP photocadodes 
have appeared. They have high quantum efficiency (Qli), proximity focused 
image intensifier, without image distortion, associated high frame rate and 
large format CCDs that can be used as detectors behind the image intensifier 
leading to large format IPCS. 

The paper presents the study and the application of a third generation of 
IPCS based on a GaAs photo cathode that can achieve a quantum efficiency 
up to 23 %, which is comparable to a thick CCD, but without readout noise. 



2. CCD VS IPCS 

One remarkable sign of progress with this new generation of GaAs 
electron tubes (GaAs photo cathode, 2 MC'Ps and the phosphor screen) is 
that their quantum efficiency is more than 5 times higher than the previous 
electron tubes in the visible. Twenty-eight percent of RQI* is now achieved 
over a broadband range of wavelength (500-850 nm see Fig. 1 ) 




Figure I : Quantum efficiency of different types of photo cathodes compared to CCDs. 



IPCS do not have readout noise and are less affected by cosmic rays, since 
one event is seen as one photon only, a decisive advantage with respect to 
CCDs when long exposures are required as in the case of faint object 
investigation. Although first generation IPCSs offer poorer quantum 
efficiency with respect to CCDs and are affected by image distortion, they 
are still competitive with the latter in multiplex instruments or in speckle 
interferometry. 
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Because of the very small readout time (25 ms in our case) of an 1PCS, it 
is possible to observe each channel several times during the multiplex 
observation, averaging then all these variations. Typically, each channel is 
observed for 5-15 sec, and when the last channel has been integrated, the 
first is observed again. Each set of n channels is called a cycle which has a 
typical duration of 3-10 min (depending on the exposure time per channel 
and the number of channels) and a total observation of several cycles. 
Technically, it is possible to make one whole cycle within a few seconds, 
taking only one 25 ms exposure per channel, but we found this unnecessary 
and instead preferred instrument stability. Since there is no readout noise, it 
is then possible to sum up each i lh channel of all the cycles without loosing 
any SNR. Obviously, adapting this observing technique to CCDs would 
considerably degrade the SNR due to the large number of images produced. 
This has been largely discussed in Gach et al. [9]. 



3. System Overview 



The camera head (see Fig. 2) is composed of a GaAs proximity focused 2- 
stage MCP image intensifier tube fiber-coupled to a lKxlK 40 frame/sec 
(fps) CCD. The cathode is cooled down to -25 °C with a cold air flow in the 
cold finger. Vacuum is done between the cathode and the input window to 
avoid thermal losses or condensation and ice on the window. The CCD can 
work in lKxlK mode (12 pm pixel) at 40 fps or in hard binned mode 

Camera head 




Coaling system 



Figure 2. Overview of the system: til Cold finger. (2) Image intensifier, ti) Fiber bundle. (4) 
IKxlK CCD. (5) 1.5 Gbits-'s fiber link. (6) Host centering computer, (7) Vortex 
tube. (8) Proportionning valve, (9) Heat exchanger, (10) Temperature controller, 
(II) Air compressor. 



(See (10] for a complete description) 
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512x512 pixels al 80 fps (24 pm pixel). Each photon interacting with the 
photo cathode is amplified up to 10 6 to 10 times by the image mtensifier 
producing a signal much larger than the internal noise of the CCD. In 
previous IPCSs, the centering of the spot produced by amplified photons was 
done by a hardwired system. Here, the camera is connected to a scalable 
DSP board based on the TMS 320C80 MVP chip consisting of 4 DSP cores 
working in Multiple Instruction Multiple Data scheme (MIMD). This board 
acquires data from the camera into a buffer and centers each spot. This 
allows more versatility and even would permit the centering of events at a 
better resolution than the physical pixel of the readout CCD by fitting a 
Gaussian on the event spot. The acquisition and centering of the events is 
done in real time by the ADHOCw software developed by Jacques 
Boulesteix (see [II]). 



4. Results 

The new IPCS camera has been tested coupled with the scanning Fabry- 
Perot CIGALE at the Cassegrain focus of the 3.6-m ESO telescope (La Silla: 
September 2000), on the 1.93-m OHP telescope (October 2000 and May 
2001), and with the scanning Fabry-Perot in the PANORAMIX focal reducer 
of the 1.6-m OMM telescope (March 2001). The observations are parts of 
different scientific projects addressed to studies going from gas rich, late- 
type galaxies (GHASP project, [12]) to gas poor early-type systems [13]. 

Figure 3 shows raw comparison between CCD and the new IPCS system. 
The CCD data were obtained at the 3.6-m CFH telescope with an exposure 
of 3 hours. The IPCS data were obtained on the 1.6-m Observatoire du mont 
Megantic Telescope (OmM) w'ith only a 1 hour exposure. 




Figure 3. (left) NGC 2403 velocity field using ihe MOS/FP al CFIIT. (right) NGC 2403 
velocity field using FaNTOmM IPCS al OmM. 






Fabry Perot Observations using a new GaAs Photon Counting System 



339 



5. Acknowledgements 

We would like to thank the ESO (La Silla), the OHI\ and the OmM staff 
for their assistance during the commissioning of the new camera, Olivier 
Boissin for his technical help and Mathieu Ouellet for the mechanical 
design. Many thanks also to our collaborators Chantal Balkowski, Nils 
Bergvall, Sebastien Blais-Oucllette, Isabel Marquez, Josefa Masegosa, 
Claudia Mendes de Oliveira. Special thanks to Philippe Amram, Olivia 
Ciarrido, Michel Marcelin, Goran Ostlin. Henri Plana and Roberto Rampazzo 
for their reduced data [ 14 ]. 

6. References 

[ I ) Maillard. J.P.. Simons, D., 1992. Spectro-Imaging Mode of the CFIIT-FTS with it 
NICMOS Camera: First Results. ESO Conf. on Progress in Telescope and 
Instrumentation Technologies, p. 733. 

|2) Atherton, P.D.. Taylor, K., Pike. C.D.. Ilarmer. C.F.W., Parker. N.M.. Hook. R.N., 
1982. TA UR A US: A wide-fteld imaging Fabry-Perot spectrometer for astronomy, 
MNRAS. 201. p. 661. 

|3J Boulestcix, J.. Georgelin. Y.P.. Marcelin. M.. Monnet, G., 1984. First results from 
CIGALE scanning Perot-Fabry interferometer, Proc. SPIE. 445. p. 37. 

|4) Bland. J„ Tully, B. 1989. The Hawaii imaging Fabry-Perot interferometer (IIIFI), 
AJ. 98. p. 723. 

|5J Le Coarer. E.. Bensammar, S., Comte, G.. Gach. J.L., Georgelin. Y., 1995. 
PYT/IEAS: A multi-channel Fabry-Perot spectrometer for astronomical imaging. 
A&.AS. Ill, p. 359. 

|6) Boulestcix, J., Marcelin, M., 1980. Marseille Obsenxtlory IPCS - Image Photon 
Counting System, ESO: Two-dimens. Photom.. p. 1 19. 

|7J Bla/it. A.. 1985. The intensified multi CCD camera. ESA Colloq. on Kilometric 
Opt. Arrays in Space, p. 155. 

|8| Foy, R.. 1988. The Photon Counting Camera CP40. 9 lh Santa Cruz Summer 
Workshop in Astronomy and Astrophysics, p. 589. 

[9J Gach J.L.. Hernandez O.. Boulestcix J.. Amram P., Boissin O.. Carignan C., 
Ciarrido O.. Marcelin M.. Ostlin G., Plana 11.. Rampazzo R.. 2002. Fabry-Perot 
Observations Using a New GaAs Photon-counting System . PASP 1 14. p. 1043. 

1 10) www.astro.umontreal.ca'fantomm 

|1 1 1 htt|>://www-obs.cnrs-mrs.lr'adhoc 'adhoc.html 

j 12) Garrido. O.. Marcelin. M., Amram. P.. Boulestcix. J.. 2002. GI/ASP: An I /alpha 
kinematic survey of spiral and irregular galaxies. I Velocity fields and rotation 
cunes of 23 galaxies. A& A. 387. p. 82 1 . 

1 13) Rampazzo, R.; Amram, P.; Boulestcix. J.; Bressan. A.; Gach. J. L.; Longhclti, M.; 
Padoan. F.; Plana. H.; Zeilinger. W. 2002. Warm Gas atui Stars in Shell 
Galaxies. Galaxies: The Third Dimension. ASP Conference Proceedings. Vol. 
282. San Francisco: Astronomical Society of the Pacific, 2002.. p.284 

1 14) Ostlin. G.. Amram. P. . Masegosa, J.. Bergvall. N.. Boulestcix, J.. Marquez. I. 2001. 
A&A, pp. 374. 800. 




NEAR IR FRINGE TRACKING FOR VLTI: 
THE FINITO DETECTION SYSTEM 
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Abstract: ESO and the Osservatorio Astronomico di Torino (INAF-OATa ) arc engaged 

in a collaboration to implement the first generation fringe sensor for V L Tl: 
FINITO. Only seven individual pixels are required for interferometric 
measurements ; however, the instrument sensitivity is greatly improved by an 
array detector. We describe the FINITO concept and operation, the expected 
performances, and the detection system, which is based on a Rockwell PICNIC 
array. 



Key words: 



interferometry. Infrared (IR) detectors 



1. Introduction: VLTI and Fringe Sensing 

The FINITO project is a collaboration between the European Southern 
Observatory (ESO) and the Italian Istitulo Nazionale di AstroFisica - Osser- 
vatorio Astronomico di Torino (INAF-OATo) for implementation of a 2/3 
beam Fringe Sensor Unit (FSU) for the Very Large Telescope Interferometer 
(VLTI). The structure and operation of VLTI and current instruments are 
described in literature [1] and on the ESO Web pages [2], FINITO (Fringe- 
tracking Instrument of Nice and Torino) is based on a previous prototype 
from the Observatoire de la Cote d'Azur (France), completely rebuilt 
according to current VLTI specifications and requirements on optical layout, 
electronics and software. The main improvement for the telescope unit, 
operating in H band ( AA, = 1 .5 - 1 .8///;/ ), is due to use of an array detector 
in lieu of the IR photodiodes of the laboratory unit. FINITO supports closure 
phase measurements: high spatial resolution measurement of the target 
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structure, on two independent directions, can be performed simultaneously. 
Three-beam operation and wavelength difference with respect to the 
instruments can also be exploited to perform baseline and wavelength 
bootstrapping. The detection scheme is discussed below. The concept and 
operations are briefly recalled, a more detailed description is available in Gai 
ct al. [3]. 

VLTI instruments (VINCI, MIDI, AMBER) measure the degree of 
coherence among two or more optical beams, collected by individual 
telescopes (8-m Unit Telescopes or I.8-m Auxiliary Telescopes), and 
transferred to the combination laboratory by the Delay Line (DL) system. 
From the fringe visibility in different directions, the light distribution of the 
target can be reconstructed, as in the radio case. For simple geometries, few 
measurements are sufficient to reconstruct the high angular resolution 
information. 

The wavefront is corrected by adaptive optics on each telescope, but the 
Optical Path Difference (OPD) between beams is perturbed by atmospheric 
turbulence, i.e., piston noise , on a time scale similar to adaptive optics. 
Interferometric measurement is potentially limited by atmospheric coherence 
time (10-100 ms) to short snapshots (like speckle observations). To perform 
longer exposures, a control system must be included in the interferometer; 
the actuator is the DL, whereas the sensor is the FSU. Increasing exposure 
time from 10 ms to 100 sec, the sensitivity improves by 5 magnitudes. 



2. FINITO: Concept and Detection System 

FI NI TO measures the OPD variation on the beams from 2 or 3 
telescopes, pair-wise. Temporal modulation is applied to internal OPD; the 
interferometric signal is demodulated to deduce the external OPD variation. 
The nominal control loop bandwidth assumed for VLTI is 40 Hz; internal 
OPD modulation is in the 200 Hz - 4 kHz range, to allow effective 
identification of the external disturbances. 

The VLTI beams are fed to FINITO by the Alignment and Compensation 
Unit (ACU). At the start of observation, longitudinal and lateral beam 
positions are set by ACU to the selected initial offset; then they are 
progressively adjusted for tracking. The ACU allows compensation of the 
mismatch between the FSU and a scientific instrument operating in a 
different band. It also supports the capability for off-axis tracking, i.e., a 
small separation (0.5" radius) between reference source and scientific target. 
The beams are superposed to a reference laser beam at wavelength 1310 nm, 
used for internal metrology and closed loop control of the OPD modulation, 
and injected in the fiber modulators, piezoelectric drums stretching a few 
fiber coils accordingly to a triangular law. The metrology component is then 
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extracted for independent combination to get the internal OPD signal for the 
modulation control loop, detected by individual photo-diodes. The H band 
beams are divided by polarization; one component is used for interferometric 
combination, whereas the complementary one is used for photometric 
normalization. In the beam combiner, the reference beam is split in two, and 
each half is separately mixed with one of the other beams, by amplitude 
combination. The three photometric and four interferometric outputs are fed 
to the array detector by a fiber optics link. 

The four metrological signals are detected on InGaAs photodiodes, but 
this is not optimal for the seven astronomical outputs: in H band, mercury 
cadmium telluride (MCT or HgCdTc) is an adequate sensitive material, but 
the performance of an array detector is required. Although the quantum 
efficiency of photodiodes is comparable to that of arrays (e.g., 70%), their 
noise figure is worse. For example, the Hamamatsu Peltier-cooled G8605-2 1 
has NEP=3.e- 15 W / -J Hz (typical), and, for operation up to a few kHz, 
the corresponding noise level is of order of 1000 c'; even at liquid nitrogen 
temperature, the noise is large. Detection performance is thus significantly 
improved even by a device without extremely good readout noise. The 
choice can be restricted between the HAWAII ( 1 k X \k . RON = \0e ~ ) and 
PICNIC ( 256 x 256 , RON = 20e ~ ) devices. 

Detection performance is also affected by the MTF. The photon 
distribution resolution is degraded by conversion into electrons, because of 
charge spreading within the sensitive material [4J. According to the literature 
data and simple geometric models, it can be shown that a comparable 
amount of signal is detected either on a single PICNIC pixel, or on a 2x2 
window on the HAWAII. Their readout noise performance is thus equalized 
by the different MTF. The PICNIC is preferable, because at equal QF and 
effective RON the requirements on the imaging optics are more relaxed due 
to the smaller chip size; also the device cost is low^er. 

Performance is maximized by allocation of the seven pixels over all four 
quadrants, in corresponding positions, so that they are read in parallel; the 
higher readout rate provides further reduction of the effective RON, by Non- 
Destructive ReadOut (NDRO). 



3. Status, Performance and the Next Steps 

Procurement of the FINITO components is in progress; several critical 
parts are already available, and the instrument opto-mechanics will be 
assembled in Torino during Autumn 2002. Integration with the detector in 
Garching and shipment to Paranal is planned for the first months of 2003. 

The OPD measurement noise depends upon target magnitude, exposure 
time and observing conditions. It is advisable to set progressively increasing 
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integration time for fainter magnitudes; up to -10 ms. the DL loop is 
dominated by the sensor noise. Using this smooth regulation, the limiting 
magnitude for 10 fdas astrometry (with OPD noise below 30 nm) is 
H = 12.5 mag, whereas for A/20 imaging it ranges from H = 14.5 mag in 
K band to H = 16.5 mag for the thermal infrared (10 fim ). 

ESO awarded the contract for manufacturing of the FSU for the Phase- 
referenced Imaging and Micro-arcsecond Astrometry facility (PRIM A) of 
VLT1 to a team led by Alenia Spazio and including the FINITO team as 
responsible for support to detailed design and test, performance analysis, 
measurement algorithms, and detection system. The detection system is 
based on the concept used in FINITO. ., imaging of a fiber array on the four 
quadrants of a PICNIC detector. The first implementation of the PRIM A 
FSU is in K band ( AA » 2 - 2.5 ///;? ). 
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Abstract: OSIRIS ( Optical System for Imaging and Low-Resolution Integrated 

Spectroscopy) is an instrument designed to obtain images and low-resolution 
spectra of astronomical objects in the optical domain (from 365- 1 000 nm). It 
will be installed on Day One (2004} in the Nasmyth focus of the 10-m Spanish 
GTC Telescope. The mosaic is composed of two abuttable 2Kx4K CCDs to 
yield a total of 4Kx4K pixels. 15 pm/pixel 0.125 “ plate scale. The 
arrangement allows the linking of a classical ARC-Genll controller to a PMC 
frame-grabber, plugged into a VME-CPU card, where a RTOS (VxWorks from 
Wind River / is running. Some tests and results, carried out with a couple of 
MA T44S2 engineering grade devices at room temperature, are given. 



Key words: MA T44S2: ARC-Genll: VxWorks 



1. The OSIRIS DAS: overview 

The OSIRIS Data Acquisition System (DAS, sec Fig. I) is based on an 
ARC'-Genll-controller, using a timing board with parallel cable linked to a 
digital PMC-type frame grabber plugged into a VME-cratc running 
VxWorks OS. The main change to typical ARC-Genll controller 
configurations is the different timing board. This parallel cable version of the 
timing board is similar to the fiber optic version, but instead has support for 
a 16 -bit parallel image data link that transmits over a commercially available 
SCSI-3 cable to a host computer interface card for PCI buses. The cable 
supports very high data rates and is presently implemented at 6.25 Mpix'scc. 
To do this, some specific programming and minor hardware modifications, 
different from the original ARC’S one, have been done into the controller. It 
must be noted that the bandwidth (6.25 MHz - the timing board, 20 MHz - 
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the frame grabber) far exceeds the requested OSIRIS needs (4 MHz 
maximum, running the four outputs at I MHz). Commands are sent via RS- 
232 serial communication to the ARC-Utility Board. On the other side, there 
is a mandatory design about the so-called Local Control Units (LCU), where 
instruments have to be connected to. Basically, they are VME crates 
connected by ATM communication (155 Mbps) to the GTC Control System. 
The crates also support a 10/100 Mbps Ethernet, a serial port and a C'AN-bus 
communication. They are controlled by PowerPC-based CPU cards running 
embedded VxWorks Real-Time Operating System (RIOS), from Wind- 
River. The main advantage of this type of CPU cards is that their internal 
PCI bus is far faster than external VME. The software architecture allows the 
user to run any of the complex "Observing Modes” ( Direct or Tunable 
Imaging, Long-Slit Spectroscopy, Multiple-Object Spectroscopy , Long-Slit- 
East Photometry or Fast Spectroscopy) that involves coordination and 
synchronization of critical operations (as charge shuffling and wavelength 
tuning) with real time constraints. 




Figure I. OSIRIS-Data Acquisition System. Each module of the Local Control Unit (left) is 
handled by a Motorola MVME-2430 CPU-card. They contain an internal 64-bit 
PCI Local Bus. with four 32/64-bit PMC expansion slots (using the PMC-span 
module). The ARC-Genll interface is implemented using a frame-grabber card 
(SNP-PMC-DIGI6 from Datacell, programmable up to 16-bit digital data in RS- 
422 format, 40MB/s). A Technobox 2901 -PMC-Serial Port Adapter Card controls 
the shutter configuration and the ARC-commanding. Fiber-optics transceivers (as 
the 9PFLST model from B&B Electronics) are used to connect the serial ports from 
the crate to the controllers. Net controller cards are Thales CPMC-ATM2- 
1 15.MMF. VM E-crate is a two-backplane, CAN-bus remote control available. 20- 
slot. from Wiener, (right) Full image (2Kx4K> taken with a MAT44-S2 engineering 
grade atTay working fast at room temperature (800 kHz). A dark image has been 
subtracted. 
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2. Testing the OSIRIS Mosaic 

The mosaic is composed of two abuttable 2Kx4K CCDs which yields a 
total of 4Kx4K pixels, 15 pm/pixel, 0.125" plate scale. Day One arrays will 
be MAT-44-82 from Marconi (2 channel each. Frame-Transfer type, 20- 
1000 kHz readout rate), although they will be probably upgraded to MIT-LL 
CCID-20 blue-enhanced CCDs. The mosaic tested (see Fig. 2) in the 
prototype is comprised of two MAT44-82 engineering grade arrays. The 
basic operations of the Observing Modes have been programmed into the 
controller (as "sequences” and "cycles,” each one including operations such 
as: "idle,” "clear," “shift the charge up or down,” "exposure,”, "read 
inside/outside the loop" or specific readout modes such as frame-transfer, 
windowing and binning). This software allows driving one or two MAT44- 
82 CCDs, by one or two outputs. It is also possible to modify parameters in 
order to change, for example, the video integration time, or the reset or settle 
times. We can read out the array from 20 kHz per channel up to the CCD 
readout limit of I MHz. 




Figure 2. < left) OSIRIS Test-bench mosaic. In this arrangement a MAT44-82 grade-6 (not 
operative) has been mounted together with a MAT44-82 grade-5 (engineering). 
The modified ARC-Genll controller is also shown. Two standard 1 1x1 1 grid ZIP 
sockets from 3M have been used to plug the arrays. Four-layer PCB card has been 
designed at IAC. Connectors are on the backside, (right) Full image (4Kx4K) of 
the Test Bench Graphic User Interface, showing the four-channel output of the 
mosaic acquired with the mentioned arrangement. The raw image is intentionally 
de focused. 
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THE OPTIMIZED CRYOSTAT FOR THE LBC 
CAMERA 



Fernando Pedichini and Roberto Speziali 

Istiluto Nazionale di Astrofisica , Ossenatorlo Astronomico Roma 



Abstract: The Large Binocular Camera I LBC ) is the double optical imager that will be 

installed at the prime foci of the Large Binocular Telescope (2mx8.4m). Three 
Italian observatories are cooperating in this project: Rome (CCD Camera), 
Arcetri-Padua (Optical Corrector) and Trieste (Software). LBC is comprised 
of two separate large field (27 ' FOV with a sampling of 0.2 3 "/pis) 6 len.se 
optica! correctors, one optimized for the UVB bands and the second for the V, 
R. Land Z bands. The two focal plane cameras use each one an array of four 
42-90 chips (4.5KX2K) provided by Marconi and optimized for the maximum 
i/uantum efficiency (85%) in the blue or red end o f the optical spectrum, that 
can be read with a speed is of 4 Mpix/sec using an Elettromare CCD 
controller. The arrays are cooled by peculiar LN2 cryostats that can assure 
more than 24 hours of continuos operation with 8 liters of L.\ r 2. Here we 
present an overview of the project and a description of the CCD cameras 
mainly describing the cryogenic project and the laboratory tests. This 
instrument is planned to be the first light instrument of LB T. 

Keywords: cryogenics, imager, Charge-Coupled Device (CCD), wide field. Large 

Binocular Telescope (LBT). 



1. LBC Prime Foci Overview 

The main architecture of the LBT (Fig. 1 and 2) telescope will be 
governed by the LBC cameras: two minors will mean two different prime 
focus coneclors one optimized for the LBV bands and another for the VRIZ 
bands working together for multi color imaging on the same sky area. Using 
this technique, it is possible to acquire multi wavelength data with a large 
efficiency covering the large field of 27 aremin. The optical correctors. 
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derived by a modification of the Wynne approach (Fig. 3) [1], balance the 
aberrations induced by the fast (f/1.14) parabolic primary mirrors, liach 
corrector uses six lenses, the first having a diameter of 80 cm and the third 
with an aspherical ellipsoid surface assure that 80% of the Point Spread 
Function (PSF) encircled energy falls inside one pixel for more than 90% of 
the field (Fig. 4 and 5). The two channels have similar optical designs 
satisfying the same requirements, but differ in the lens glasses: fused Silica 
for the "blue" ann and BK7 for the "red" one. The two cameras are also each 
equipped with a set of eight filters. 



Figure l. The LBC position within the LBT optieal layout. 



Figure 2. The LBT telescope in the workshop. 
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Figure 3. Prime focus corrector optical design (2D layout and solid model) 




HHLF UIOTM FROM CENTROID IK MICRONS 



Figure 4. Optical performance of prime focus corrector, (top) Polychromatic ensquared 

energy plot. 
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Figure 5. Optical performance of prime focus corrector. Polychromatic spot diagrams for 
different field angles (0°. 0.15°, 0.25°); the spot size is roughly 10 times larger 
than the Airy disk, indicating that the optics are not diffraction limited. 

The mechanical design of the prime focus consists of two main parts: the 
hub that mounts the fixed lenses and the derotator, which holds the filters 
wheels and the cryostat. Each one of the five fixed lenses is cinematically 




352 



Fernando Pedichini and Roberto Speziali 



mounted into an INVAR frame, which is then connected to the steel hub 
through some llexure elements to accommodate the differential thermal 
expansion of the two materials. For the same reason, the two main lenses, 
which are 810 mm and 400 mm large, are mounted into their INVAR frames 
by means of special RTV pads that are tailored to compensate for the 
differential thermal expansion of the glass and the INVAR. 

The derotator decouples the CCD imager from the corrector lenses and 
hosts two filter wheels, the shutter, the cryostat and all the control 
electronics including two CCD controllers. The mechanical design of the 
prime focus hub is shown in the following Fig. 6. The derotator module 
assures the control of the parallattic angle on the detector focal plane by 
means of a dual motor driving and an absolute encoder. The two 200 W 
brushless motors will work in closed loop with the encoder, in a push-pull 
configuration to reduce any backlash of the system. The on axis resolution of 
18" will assure sub pixel accuracy up to the edge of the focal plane. For 
further details about the optomechanics of both channels see [2]. 




Figure 6. Reft) CAD view of the hub with the camera, (right) CAD view of the LBC*s 
interiors where the arrows show the derotated components 



2. Cryogenics 

The cryostat for the CCD camera of the double prime focus imager was 
designed to cool the four EEV 42-90 chips down to their best operative 
temperature of 170 K. Contrary to the designs of other large field imagers 
[5,6], we decided to use a standard cryogenic solution. This method adopts a 
LN 2 bath instead of more expensive and not deep tested cryocoolers. The 
experience with the small cameras built for the prime focus at the Schmidt 
telescope ofCampo lmperatore [3-5] based on a LN ; bath, led us to design a 
cryostat consisting of three independent modules: the stainless steel interface 
flange, the bimetallic nitrogen vessel and the housing sphere made of 
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aluminum. This solution (Fig.7) allows an easy separation of the array pari 
(flange with CCD, wavefront sensors, cables, etc) from the cryogenic part. 




Figure 7. The cryostat 

2.1 The vessel 

The unique component of this cryostat is its spherical bimetallic 
monolithic vessel. It was designed as a sphere to both minimize the radiative 
thermal inlet and to make it a compact instrument, even for a wide field 
camera. This geometry guarantees the best volume to tank surface ratio , 
minimizing the radiative thermal input with respect to the available volume 
of LN2. Moreover, we have tested new mechanical technologies based on 
electroforming processes producing a monolithic, bimetallic vessel without 
any wielding (Fig. 8). This reduces the risk of leaks during the thermal 
cycles. The inner part of the vessel is made up of a 1 .5 mm copper layer to 
ensure high thermal conductivity, covered by a layer of 2 mm Nickel that is 
polished to reach high reflectivity. On the bottom of the inner copper sphere 
there is a large copper flange, which is always in thermal contact w'ith the 
LN 2 . This ensures a uniform smooth cooling of the CCD sensors' baseplate. 
A cylindrical cryosorbtion pump is applied on this flange to keep the 
vacuum level below 1 0 5 mbar. On the opposite side of the vessel there is a 
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standard refilling system based on cryogenic coaxial tubes to minimize the 
thermal inlet by conduction. 

2.2 The spherical case 

The spherical case is made of aluminum and consists of two halves of a 
sphere with a diameter about 10 mm larger than the vessel's and with a 
thickness of 3 mm. The two halves are joined by an O-ring and are covered 
by a few pm layer of Nickel to reduce degassing and to ensure a high 
reflectivity of the inner surfaces after polishing. Two standard KF ISO 
flanges are soldered on the upper half for evacuation and vacuum sensors. 




Figure 8. The vessel and iLs housing during the construction phases 



2.3 The interface flange 

This flange is made of stainless steel (AIS1 4130) and fufills two tasks: to 
hold the baseplate with the sensors and to interface the cryostat with the 
derotator of the prime focus. Ten Fischer vacuum connectors arc used to 
connect the sensors to the outer read-out electronics. The numerical 
simulation of the 3D model confirms a very low deformation (2 pm) even 
with the telescope in the horizontal position (Fig. 9 and 10). 
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Figure 10. The numerical simulation of the displacement of the flange. (Courtesy ADS) 



2.4 Cryogenic estimated performances 

The cryostat is designed to keep the sensors at the operating temperature 
for at least one day without refilling. To estimate a lower limit for the 
holding time of the cryostat we have considered a reservoir of liquid 
nitrogen equal to the half of the tank volume (8.5 It). This situation 
guarantees no LN2 spill out even with the telescope working in the worst 
condition, i.e., in horizontal position. We derived the thermal radiative input 
on the vessel using the formula for the radiative exchange [8] between 7’ h0 | = 
300 K and T cM =77K. 

a„, = o-(c - c, ) — ( 1 1 

£ cold + "7“(* “ £ coU 
A 2 

Assuming that the nickel on the surfaces of the vessel and cryostat is 
highly polished with an emissivity of £jook= 0.2 and = 0.1. and having 
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the two surfaces an area of Ai=3761 cm' and A|=3257 cm' wc obtained a 
value of 




( 2 ) 



More radiative input has to be added due to the optical window of the 
cryostat. Assuming an cmissivity of 1 for the atmosphere and 0.5 for the chip 
we estimate an extra radiative input of about 

2.5 If (3) 



Heat transfer by conduction is due to the stainless steel tube of the vessel 
and from about 100 constantan wires 10 cm long, and the fiberglass support 
of the baseplate. The diameter of these wires is 0.1 mm. 

Applying the simple formula 

Q^=J^-r,iT 2 -T,) (4) 



we obtain 



. land 



= 1 .3 W 



(5) 



An additional w^alt can be considered from the power consumption of the 
sensors on the baseplate. In our calculation w e have assumed heat transfer by 
convection is negligible, being sure that, after pumping, the large cryopump 
provides an insulation vacuum of 10 5 + 10 6 mbar. Therefore the overall heat 
inlet should be about: 



ft-" 16 



( 6 ) 



giving the expected holding time of one day. 

2.5 First cryogenic tests 

The first cryogenic tests w'ere performed in March 2001 at the Rome 
Observatory Labs. No leaks w-ere detected after the construction of the 
cryostat. The vacuum was obtained and kept during the tests (the cryopump 
was not yet available) by two turbomolecular pumps in series. Pirani and 
Penning heads provided by Alcatel w'ere used to measure the vacuum. The 
acquisition of the data was performed by a PC that w'as simply connected 
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with the sensors by means of the RS-232 serial ports. A gas-meter was also 
used to record the evaporation of LN : . The first cryogenic test was 
performed with the cryostat closed by a "dummy” aluminum flange, without 
window and baseplate, just to verify the pure radiative input of the vessel 
and the conduction by the stainless steel tube (Fig. 1 1). 



LBT - test #1 - Evaporation Rate 




Figure U. First evaporation test. 



From the evaporation test we derived a mainly radiative thermal inlet of 
about 6W, nearly the half of what w'c estimated in our calculation may be 
due to the good polishing of the nickel surfaces. 



2.6 Cooling the array 

To cool the detectors w'e have developed a thermal link between the 
detectors flange and the vessel, fulfilling the following requirements: 

• operative temperature of 1 70 ± 2 K 

• cooling speed below 5 K/min, that is the maximum rate allowed by 
MAT( Marconi Applied Technologies, now E2V) 

• temperature stability of 3 K 

• no active temperature control to avoid LN : extra consuming 
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At the operative temperature of 170 K, suggested by MAT, the best 
compromise between a low dark current («1 e /min) and a high quantum 
efficiency and charge transfer efficiency is achieved. Even a fluctuation of 
±5 K does not produce a significant change in the performances. The sensor 
flange is stainless steel made (INVAR type) and has been provided directly 
by MAT. It is attached to the dummy head of the cryostat by means of three- 
stiff fiberglass standings to reduce any tilting of the sensor array induced by 
the telescope movements during the pointing and tracking operations. Indeed 
due to the very fast Focal Ratio of 1.41 and to the pixel size of only 13.5 pm 
we can accept a maximal displacement at the edge of the array of only 0.004 
mm to maintain the optical quality inside the specifications. On this flange 
10 holes were provided to connect a second flange, made by aluminum, 
where the thermal links are mounted on. These links consist of three springs 
having two copper pads at the two ends (Fig. 12 and 13). 




Figure 13. The thermal links. 



The springs push the pads to the copper flange of the vessel when the 
cryostat is closed, making a good thermal contact. Three copper wires were 
soldered connecting the two pads, and it is possible to adjust the operative 
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temperature and. therefore, the cooling speed by simply varying the diameter 
and the length of the copper wires. This system allows us to achieve good 
temperature control and stability below 1 K without any active heater. A test 
was done with a Lake Shore DT-470 silicon sensor used to acquire the 
temperature on the baseplate. The results are shown in Fig. 14 and 15. 



Vacuum measurement 



9*tRilik>Q 



1«10 



Time [hour] 

Figure 14. Vacuum level vs. time 



Plate array Temperature 
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Time [hour] 

Figure !5. Temperature of the plate array vs time 
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As shown in Fig. 15 and 16, the time needed to cool down the baseplate 
with the sensors was about 15 hours and the consumption of LN 2 was 3 
liters. The maximum cooling rate at the beginning of the refilling was of 1.3 
K/min well below the maximum cooling rate of 5 K/min suggested by EEV. 
In regime conditions we measured an evaporation rate of 0.2 It/hour. Further 
tests have been performed in the laboratory of the Rome Observatory 
between April 2001 and April 2002 to optimize the performances of the 
cryostat. In the last one (Fig. 16 and 17) we simulated the movements of the 
camera of the telescope tilting the cryostat up to 60°. 



COOLING CYCLE 




Figure 16. Cooling test of the cryostat. 




r «rc P’OUrsl 

Figure 17. Temperature and pressure time plot after tilting the cryostat 
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As shown in Fig. 16. the operative temperature was 170 K. After having 
reached this temperature the cryostat was refilled with about six liters of 
LN 2 . Five hours later the temperature reached 168 K and. after tilting the 
cryostat, the temperature reached 170 K until the end of the cycle 30 hours 
later (Fig. 17). During the test the statie vacuum changed from 4x10 ‘ to 
8x10 5 until reaching 1x10' after complete heating. It took about 14 hours to 
reach room temperature. From these tests we have verified that the cryostat 
of the blue camera fulfills all the requirements of operative temperature and 
holding time. With this experience we are going to build the second cryostat 
for the red channel with a few modifications. We will make the vessel core 
from a single block of aluminum vessel using a CNC milling machine. We 
are developing, together with Forcstal s.r.l., a new process to weld the 
stainless steel refilling system to the aluminum vessel. This approach of 
using Al instead of C'u for the core of the cryogenic vessel will reduce the 
weight of the component and increase its stiffness. Figures 18 and 19 show 
the original cryostat assembled and its main components. 




Figure 18. The assembled cryostat. 




Figure 19. The main components to of the cryostat. 
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3. Focal Plane CCD Array 



Two types of MA T detectors have been chosen to allow both the scientific 
data acquisition and the control of the instrument: an array of four MAT 42- 
90 (4.6KX2.5K) chips cover the corrected field (0 = 27') with a sampling of 
0.23"/pix providing the scientific image, while two MAT 42-10 will be used 
to acquire short exposure images for tracking and wavefront control. The 
four scientific MA T 42-90 chips are mounted on an invar plate as shown in 
Fig. 13. This plate has been directly machined by MAT, with the holes for 
the electrical connectors and for the orientation registers needed to align the 
detectors. The corrected fields have a diameter of 1 10 mm and 108.2 mm for 
the blue and red channel respectively and the four MAT42-90 chips cover 
about the 75% of these useful areas. Figure 20 shows that there is a 5% of 
energy loss in the blue channel at the edge of the corrected field, while in the 
red channel this percentage of vignetting is well outside from the corrected 
area. Ihe two MAT 42-10 chips will be placed at the two sides of the 
scientific array, mostly inside the corrected field . 




Figure 20. The array arrangement of ihc focal plane. 



3.1 The MAT 42-90 detector 



Two sets of four 42-90 grade- 1 
following these requirements: 



QE 

Charge Transfer Efficiency 
Read Out Noise 
Dead Pixels 
Column Defects 
Surface roughness 



detectors (Fig. 21) were 

> 85% at peak 

> 99.999% 

<5e at 1 MHz 

< 1350 
<6 

< 7 pm peak to valley 



ordered 
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Figure 21. The EEV 42-90 chip. 



The Iasi requirement is imposed by the very fast foeal ratio of the eamera 
(f/l .41) and is needed to keep the nominal optical quality (80% of the energy- 
in one pixel) of the image all over the focal plane. We have received all the 
eight 42-90 chips for both channels. The electrieal and mechanical samples 
have been used to make the preliminary tests and set up of the blue channel 
camera. In the fable I the Qlis of the chips we have received are listed as 
reported by MAT datasheets: 



Table I. Quantum Efficiency of the scientific sensors. 



CCD sn 


350 mil 


400 mil 


EE 


650 nm 




1000 nm 


Blue channel array (thin silicon) 


8341-16-3 


53.8 


81.3 


85.4 


78.8 


28.3 


• 


8351-18-4 


56.1 


83.7 


88.2 


80.1 


27.3 


- 


9283-4-5 


53.8 


81.1 


83.8 


76.8 


27.4 


- 


9283-1-4 


56.3 


77.7 


80.5 


75.0 


28.3 


- 


Red channel array (thick deep depletion silicon) 


9434-17-3 


- 


- 


95.1 


96.7 


57.0 


13.2 


9434-16-5 


- 


- 


82.8 


90.2 


53.2 


11.8 


9434-15-3 


- 


- 


84.3 


90.6 


51.5 


11.2 


9434-15-4 


- 


- 


87.4 


95.7 


54.4 


12.2 



3.2 The MAT 42-10 chips 

This chip is a frame transfer CCD with 2048x256 13.5 pm useful pixels 
which will be used for guiding, real-time focusing and high order wavefront 
analysis. The refresh time of this system w ill be about 1 Hz. We performed a 
simulation of the images given by the 42-10 chips to evaluate the sampling 
time needed to track a field star. Conservatively, we considered 1" of seeing, 
and we requested a centroid determination accuracy better than 0.02". Due to 
the position of the trackers on the same focal plane of the science array, the 
attenuations and bandwidths of the science filters have been considered. 
Taking into account the CCD Q.E. response w ( e ran the simulation using 
stars with a magnitude range from 15 to 20 and the results are exposure 
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times always below 2-3 seconds. The total sky coverage of the 2 trackers is 
about 4.5' sq. Therefore combining the chip performance, the area and the 
number of star in one squared degree following the Bahcall model, we 
expect to find at least one reference star with M v = 19 or M u = 20 at high 
galactic latitude. In the U band, due to the low surface density of bright stars, 
we may consider to slightly modifying the pointing by changing the paraxial 
angle if a very fast tracking loop is needed. 



3.3 The Wavefront analysis 

Two different accuraey wavefront analysis modes are planned for the 
LBC to best exploit the performances of the active primary mirror of the 
LBT. These will be performed by one of the two 42-10 chips placed in a 
slight out of focus position at the edge of the corrected field. Thanks to a 
peculiar staired glass plate attached to this one it will be possible to acquire 
IN and OUT of focus star images [8-10] for the optical aberrations 
computation (Fig. 22). 




Figure 22. /left) The MAT 42-10 chip, (right) The staired glass with in and out of focus 
images schematic 



3.4 CCD controller 

The CCD controller selected for the LBC camera is produced by the 
Italian firm Llettromare and has been developed with contributions from the 
Italian astronomical community. Indeed it is an evolution of the new CCD 
controller for the instrumentation of the National Galileo TNG telescope in 
La Palma Canarian [11]. Three boards compose the whole system. A PCI 
interface board, that hosts a DSP MOTOROLA 56301, provides all the 
clocks and control signals by means of a high speed fiber link (1.2 Gbit/sec) 
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transferring all the data patterns in real time to a re-synchronizing and 
parallelizing gate array placed on the SEQUENCER BOARD in the camera 
head. An ANALOG BOARD provides 8 programmable biases and acquires 
four video channels. This architecture allows a reduced heat dissipation in 
the camera head electronics and a very compact housing can be built around 
the three boards (VME format) needed to drive the chip array. The incoming 
data rate is 4 Mpix/sec and Win NT - WIN 2000 driver has been developed 
to store the data in the control PC memory. Standard aux. digital and analog 
I/O are provided in the camera head to perform system telemetry and the 
read-out of temperatures, voltages, vacuum levels and logic lines. Two 
dedicated output lines are provided to drive a standard iris shutter with its 
holding current and a small heather to lock the temperature of the CCD array 
with a 12-bit resolution via a simple PID. filter. A general description of the 
architecture and philosophy of this system can be found in Bonanno (II]. 
The actual performances are a readout time of less than 15 sec for the full 
array and a RON of about 10-12 e . The final version of the CCD controller, 
due to a large use of VLSI gate arrays and the removing of the DSP, will 
have a different layout to be hosted in a small housing to better comply with 
the weight and dimensional constraints of the LBC cameras at its installation 
on the prime focus derotator. This version will be assembled using only 2/ 
curocard format card and hosting the preamplifiers on the analog video 
board. A reduced version of this controller with only 2 video channels will 
be used to drive the 42-10 chips for tracking and WF sensing. 



3.5 Shutter 

Previous experiences [12,13] and three main constraints guided the 
shutter design for this camera. These constraints arc: 

1 ) A wide unvignetted shutterable aperture greater than 12 cmxl2 cm 

2) Maximum thickness of 1 7 mm and less of 8 mm in the central parts 

3) Exposure uniformity on the whole field better than 1/100 mag at I sec 
exposure time 

Optical tests (Fig. 23) of the first prototype show an exposition accuracy 
of 0.56 msec RMS at an exposure time of 460 msec well below the 
maximum error, which is 4.6 msec. RMS. 
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Figure 23. The shutter during the laboratory tests. 
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THE OM EG AC AM SHUTTER 

A low-acceleration impact-free device for large CCD mosaics 
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Abstract: The shutter for OmegaCam - the I6Kxl6K CCD mosaic camera for the 2.6-m 

ESO VLT Survey Telescope I VST) - is described. The OmegaCam is a high 
precision photometric slit type shutter with an aperture of 370 mmx292 mm. 
The device was designed and built at the University of Bonn. Performance 
measurements show that the shortest exposure time Ls less than 1 msec and 
that 100 msec exposures are homogeneous to within * 0.3%. 

Key words: shutter. Charge-Coupled Device (CCD) mosaic 



1. Shutter Description 

I he OmegaCam shutter consists of three main components, which work 
together to achieve the expected shutter performance: timing accuracy of 
better than I msec at any position across the aperture. The three components 
are: 

1 . Shutter mechanical unit 

2. Shutter control unit 

3. Shutter control firmware 

1.1 Shutter Mechanical Unit 

The mechanical design is point symmetric with respect to the optical axis 
(sec Fig. I) and does not have a preferred direction of movement. 
Consequently, the shutter blades move first from left to right and then from 
right to left for consecutive exposures. Everything is mounted on a single 
aluminum base plate with a rectangular aperture in the center: 

• Two carbon fiber blades move on two linear ball bearings 
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• Two microswitches are used for position reference, one for each 
blade. 

• Stepper motors in micro stepping mode drive the blades by means of 
toothed belts (1600 microsteps per revolution). The whole blade 
movement takes about 1 6000 microsteps. 

• Incremental encoders (1600 increments per revolution) are mounted 
on the motor shafts. 




Figure I. The OmegaCam shutter, together with the much smaller BIJSCA shutter - the first 
shutter of this type (1). 

A comparison of the number of commanded motor steps w ith the counted 
encoder increments provides the primary cheek of proper shutter operation. 
This check is done after each blade movement. If the position mismatch 
exceeds a given (programmable) threshold an error signal is generated. 

1.2 Shutter Control Unit 

The control electronics hardware design is symmetric as well. Two 
identical control modules exist - one for each shutter blade - plus a third one 
for host communication. Additional hardware status lines are provided. 

Each module (160 mm x 100 mm Eurocard format) is built around an 
Infineon C515C microcontroller. Parameters defining the shutter operation 
{e.g., velocity profile) are stored in non-volatile serial EEPROM (I2C). A 
microstep driver for the stepper motors and an integrated encoder/counter 
allow' motor control. The modules communicate with each other through the 
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CAN serial bus and a few status lines. An RS232 interface to the instrument 
workstation is used for monitoring and parameter programming. 

1.3 Shutter firmware and movement control 

The ShuttcrCU firmware is first component responsible for the blade 
movement control after an exposure control signal (open/close) is received 
and for the detection of a mismatch between the commanded motor position 
and the actual encoder position. The shutter blade movements follow a 
trapezoidal velocity profile which is identical for both blades and directions. 
It is characterized by four parameters: start velocity, acceleration, maximum 
velocity and blade travel distance. 



2. Performance 

Basic parameters are listed in fable I . One of the key parameters is the 
exposure uniformity. Non-uniform exposures occur if the movements of 
both shutter blades are not exactly identical. Limitations are due to the 
stepper motor resolution and the tolerances of the mechanics. The effect 
becomes more and more important for shorter exposures. Uniformity can be 
checked by comparison of fiat-field exposures with different exposure times. 
The long exposure wall serve as a reference while the short exposure w-ill be 
affected most. We find that at the exposure time of 0.1 sec the residual 
nonuniformity is within +/-0.3% or 0.3 msec, respectively (see Fig. 2). 



Table 2. Shullcr data. 



Apcrlurc size 


370 mm x 292 mm 


Type 


Slit 


Blade material 


Carbon fibre 


Drive mechanism 


Linear ball bearings, toothed belts, stepper 
motors, incr. encoders 


Movement control 


Microcontroller system, software 
programmable velocity profile 


Exposure control 


External (internal exposure timing provided) 


Control interfaces 


RS232 line, control and status lines 


Dead time 


0.9 sec (i.e., blade travel time) 


Shortest exposure time 


< 1 msec 


Exposure homogeneity 


Deviations <*0.3% at 100 msec exposure 
time 


Exposure time accuracy 


About 0.3 msec 


Expected lifetime 


>1 million operations (Endurance test with 
10 ops. passed) 
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5s©c_comb/01s*c_coMb <- 51.06592) 




Figure 2. Shutter exposure homogeneity. Two flat fields were taken with 0.1 sec and 5 sec 
exposure times, divided by each other and the results were normalized. The 
diagram shows the intensity ratio along the shutter blade movement direction. The 
two small diagrams inside are for the two opposite shutter blade movement 
directions. No significant differences are found. 
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Abstract: PMAS. the Potsdam Multi-Aperture Spectrophotometer, is a new integral field 

spectrograph in the optical, which is optimized for good transmission and high 
image quality from 350 nm to I pm. We present our plan to implement a CCD 
charge-shuffle mode to allow for beam switching with a very high degree of 
sk v subtraction accuracy for faint object 3-D spectrosc opy. 

Key words: integral field spectr oscopy, faint object spectroscopy, beam switching 



I. Introduction 

The exploration of the high-redshift universe is certainly among the most 
exciting topics of modern astrophysics, both on the grounds of advances 
with numerical simulations in theoretical cosmology, as well as 
obscrvationally with the light collecting power of 8-1 0-m class telescopes. 
While HST has provided us with images of galaxies up to a redshift of z =5, 
ground-based imaging and spectroscopy even with the largest available 
telescopes is embarrassingly difficult and expensive in terms of observ ing 
time. 

The intrinsic faintness of high-redshift galaxies is only one of the reasons 
for the problem. Ground-based observations are confronted with the fact that 
these objects are much fainter than the surface brightness of the sky, 
typically 1% the brightness of the sky or less. Therefore, the detection limit 
for low- and medium-resolution spectroscopy is dominated by the limited 
accuracy in subtracting the bright and variable sky background. As an 
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instructive example. Fig. 1 shows images and a spectrum of a galaxy at 
redshift 6.56 (pictures taken from a press release of the IfA, Univ. of 
Hawaii), obtained as part of a total of -24 hours of multi-wavelength broad- 
and narrow-band imaging at the Keck and SUBARU telescopes, and with 4 
hours worth of integration using Keck and the LRIS spectrograph [1]. 




oooo row oooo sooo ioooo 

OBSERVED WAVELENGTH (A) 



Figure i. Ly o emission al z=6.56, detected with an onband/ollbanil imagine technique. The 
narrow-hand filter transmission curse (insert) has been strategically chosen to fall 
in a gap between two strong OH night skv emission bands (note that the sky lines 
have been scaled down by a factor of 100). The strong residuals red ward of the 
redshifted Ly (I line (near 9200 A) are typical for the problem of low/medium 
resolution spectroscopy in the red. The -10 A resolution LRIS spectrum on the tip 
(taken from another source) demonstrates that more than half of the available 
wavelength range is contaminated by the disturbingly bright OH emission bands 
(pictures' from If A press release by Hu |l] and I. Lehmann. A1P). 



2. Beam Switching Techniques 

The spectacular images of the Hubble Deep Fields, obtained with 
integration times on the order of 1 00 hours, may seem to suggest that it is 
merely a matter of allocating sufficiently long observing time at S-10-m 
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class telescopes to also obtain good quality spectra of the most distant 
galaxies of the universe. It has been known for some time that this is not 
true, and is, rather, due to the presence of the bright night sky [2]. Chiefly, 
the limited accuracy of a conventional slit spectrograph in subtracting the 
sky contribution from a spectrum containing (object + sky) flux results in 
systematic errors which propagate multiplicatively. Contrary to photon shot 
noise and others sources of random error the resulting signal-to-noise ratio 
cannot be reduced by increasing the observing time. Instead, the S/N is 
saturating at some limiting value, no matter how large the telescope is, or 
how long we expose our spectra. The effect is particularly worrisome near 
bright night sky lines, dominating the sky spectrum at wavelengths above 
6000 A ( for spcctrophotometric data, see [3]). 

C'uillandre ct al. (2] proposed a method to overcome this limitation, 
called "va-et-vient'\ which is essentially an adaptation of the familiar beam- 
switching technique, known from IR astronomy, to CCDs. Like in many 
other measurement problems, regardless of any specific technical domain, 
small signals affected by temporarily varying bias or gain can be determined 
more accurately by rapidly switching between the signal of interest and a 
reference (chopping). The problem for CCDs in adopting this scheme, 
however, has been the prohibitively long readout-time required for low read- 
noise operation of the detector. “Va-et-vicnt” makes use of the fact that in 
frame transfer mode charge can be clocked in two directions, thus allow ing 
the user to consecutively obtain (sky + object) and (sky) exposures on the 
same frame without having to read out each sample immediately. This 
scheme requires provision on the CCD for one active zone (exposure) plus 
two masked areas (storage), and to parallel-clock two thirds of the resulting 
charge image back and forth. This must be synchronized with the telescope, 
which has to alternate between the object and a sky pointing accordingly. 
The important thing is that both (object + sky) and (sky reference) are 
always observed quasi-simultaneously through the identical optical train, 
with identical slit/aberration/distortion/flexure/... properties, and wdth 
identical CCD pixels, which exhibit essentially the same Hatfield and 
fringing behaviour. 

A more recent paper by Glazebrook and Bland-Hawthom [4] describes 
the method w'hich they dubbed “ Nod-Shuffle-Spectroscopy and a practical 
implementation wdth the LDSS spectrograph at the Anglo-American 
Telescope. Based on a wealth of test data, the authors claim that, in 
principle, nod-shuffle should be able to reach a limiting flux level of 10 ’ of 
the sky brightness — provided one can spend enough observing time. 
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Figure 2: PMAS during l he process of mounting to the Calar Alto 3.5-m Telescope Casse- 
grain flange for first light on May 28. 2001. 

A major inolivalion for this development has been the goal to use the 
advantages of integral field spectroscopy (1FS) for the difficult observation 
of individual sources in crowded fields, e.g., resolved stars and nebulae in 
nearby galaxies, analogous to the development of crowded field photometry 
after the advent of CCDs in astronomy. We have also considered the benefits 
and limitations of IFS for faint object spectroscopy [9] which can be 
summarized as follows: 

• absence of slit losses (there is no slit), image slicer effect for 
extended sources 

• sky background estimate can be derived more reliably from an 
annulus or an extended region around the target rather than from 
interpolation along a slit 



3. PMAS 



PMAS, the Potsdam Multi-Aperture Spectrophotometer, is a new integral 
field spectrograph, which was designed as a flexible traveling instrument, 
and which has seen first light at the Calar Alto 3.5-m Telescope in May 2001 
[5]. The instrument was developed at the Astrophysical Institute Potsdam [6- 
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• uncritical telescope pointing for faint targets clue to extended 2- 
dimensional FOV 

• differential atmospheric refraction and associated slit losses are 
irrelevant for IFS 




Figure 3 : Single 2Kx4K CCD frame of PMAS fiber spectrograph internal calibration 
exposure (continuum+speclral line lamp). The magnified insert shows two groups 
of 16 well-separated spectra, corresponding to two rows of 16 spatial elements of 
the lens array. 

4. Nod-And-Shuffle With PMAS 

With funding from the Verbundforschung of the German BMBF, and in 
collaboration with Lutz Wisotzki and Joachim Wambsganss, University of 
Potsdam, in April 2002 we started the "ULTROS” project, which is intended 
to implement a variant of the nod-and-shuflle technique in PMAS. 
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Figure 4: The PMAS fiber spectrograph supports a large spectroscopic field of view: 4Kx4K 
with 15pm pixels, corresponding to 3200 A coverage at 3 A resolution (600 l/mm 
grating). 




Figure 5: PMAS charge-shuffle mode experimentally implemented in the lab. 



The idea is to use the strips of free space between neighbouring spectra as 
storage areas for the shuffling process rather than masked storage space at 
the edges of the chip. Figure 5 demonstrates how this mode has been 
implemented in the lab: while the left frame shows a normal calibration 
frame, the right frame has twice the number of spectra-generatcd by 
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clocking charge 7 pixels (half the average vertical distance between spectra) 
back and forth, synchronized with the shutter. 
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Klaus Ref following Robespierre 's footsteps, shows one of the many practical ways to 
use the OmegaCam shutter, (paper on page 367. See also page 194). Courtesy K. Reif 





THE TOLOLO ALL SKY CAMERA 

TASCA 
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Abstract: An all sky camera using commercial parts has been assembled at Cerro Tololo 

Inter-American Observatory to monitor a wide range of atmospheric effects of 
interest to astronomers, including thin cirrus and contrails which are 
otherwise invisible on moonless nights, air glow variations, light pollution in 
the Sodium and Mercury bands, and aircraft lights. To enhance the visibility • 
of clouds, raw images are divided by the corresponding clear sky image, 
inferred from images taken at the corresponding sidereal time on previous 
nights. Frames are taken every id seconds so that subsequent animation is 
smooth enough for the eye to pick out motion of clouds at or below the noise 
floor. 



Key words: 



all sky' camera, cloud camera, air glow, light pollution 



1. Introduction 

The principal goal of the Tololo All Sky Camera ( I ASCA) is to provide 
the astronomer with a tool for continuous qualitative assessment of clouds 
over the entire sky, with particular emphasis on detecting thin cirrus on 
moonless nights, since this is invisible even to the dark-adapted eye. In 
addition the camera has to be robust, and require little labor to construct, 
using all commercial parts costing S20K or less. 

1.1 Why not use a thermal imager? 

A thermal imaging camera would be an excellent solution since the clear 
sky appears smooth under starlight, moonlight and even sunlight, with 
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clouds introducing changes in emissivity and temperature. The principal 
difficulty is that the capital cost approaches S100K when one takes into 
account the specialized silicon fish eye lens required, and sensitivity is 
reduced for cold (high) clouds such as cirrus. Microbolometer arrays are 
only available at 320x240 pixels, providing rather coarse 0.75 deg 
resolution. While a scanning 1R photometer can provide better spatial 
resolution, the frame rate is low and it would not meet the requirements for 
mechanical simplicity or commercial availability. 

1.2 Optimizing a CCD to detect clouds 

TASCA is based on a CCD primarily because of the large price 
advantage. It is simply a commercial thenno-elcctrically cooled CCD 
camera, Nikon fish eye lens, Linux'PCI computer, in a custom weatherproof 
housing, with custom acquisition and image processing software. 

Other all-sky CCD cameras have been constructed, but are either not 
optimized for the detection of clouds or for operation under starlight. For 
example, ConC’am [I] seeks economies by compromising optical quality, 
lens aperture and CCD sensitivity, which require exposures of several 
minutes. During this time, clouds move across many pixels causing contrast 
to be lost, and the sample rate becomes too coarse for animation. 

Clouds are seen by a CCD primarily through extinction of starlight, 
combined with some scattering from bright sources such as planets, the 
Milky Way, and light pollution. The detection limit is ultimately set by the 
photon statistics. 

Sufficient resolution is needed to maintain contrast on fine cloud 
structure. However, as pixel scale is made finer, not only must the optics be 
improved, but exposures must also be made shorter so that image motion 
doesn't negate the contrast gained. Thus signal-to-noise ratio scales as the 
pixel size to the power of 1.5, provided that photon shot noise dominates 
read noise and dark current noise. 

Air glow due to atmospheric emission longward of 700 nm, exhibits 
strong spatial variations which change significantly on a timescale of a few 
seconds, and can thus be confused with clouds, so a suitable blocking filter 
must be used. 

The need for short high-resolution exposures and spectral filtering 
conspire to reduce the signal. Yet with a backside illuminated CCD and a 
fast fish eye lens it is still possible to detect extinction of less than 10 % over 
0.2 deg. 

To see extinction near the noise floor, the inherent structure in the night 
sky must first be removed, so that display contrast is limited only by photon 
shot noise. Finally, by displaying the images as short movie sequences the 
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pattern recognition ability of the eye is harnessed to extract correlated 
motions from the noise. Smaller extinctions can be detected on larger spatial 
scales. For the eye to successfully extraet weak patterns from noise, the 
acquisition frame rate must be high enough to allow smooth animation. 
Replay rate must be greater than ten hertz, without pauses or decompression 
artifacts. 



2 . The Camera 

A Nikon 8mm f/2.8 lens was chosen for its fast f-ratio. high optical 
quality and reasonable price (S2500). Although it is no longer in production, 
it makes regular appearances on eBay. The only 8mm f/2.8 currently in 
production, is sold by Coastal Optical at -4 times the price [2] 

An 8 mm fish eye lens produces a 23 mm image circle, which maps to a 
960 pixels on a SITe IK CCD with 24 pm pixels. A 16 mm f/2.8 fish eye, 
which would collect more light per square deg, is available, but requires a 
larger and prohibitively expensive CCD. 

Any more resolution would soon exceed that of the display monitor. Any 
less would sacrifice contrast on wisps of cirrus. To verify this, compare 
cirrus with the diameter of the moon (2.6 pixels at 1 80°/960 = 1 1 '/pixel). 

The thermo-electrical ly cooled CCD camera is an 1MG1024S, 
manufactured by Finger Lakes Instruments [3] currently costing S13K. It 
interfaces through a serial cable to a parallel port adapter to achieve about 25 
second readout time. 

A filter wheel, also manufactured by FLI places the following 1" circular 
filters close to the back of the fish eye lens: BG38 (Edmund Scientific L46- 
433) for clouds [4]; RG695 (Edmund L32-756) for airglow; 589/10 nm 
(Edmund L43-129) for sodium; 546/10 nm (Edmund L43-125) for mercury. 
Optical Hats have been added to make the filters parfoeal. 

The cylindrical housing is constructed from 12" PVC pipe, with smaller 
PVC elbows providing rainproof inlets and outlets for the cooling fan. The 
camera power supply is mounted on the filter wheel where it warms the 
optics and interior of the window to prevent condensation. 

An inexpensive and easily replaced 8" diameter acrylic hemisphere 
(Edmund Scientific #L53-997) was found to make a satisfactory entrance 
window, even with no antireflection coating. The housing is mounted on a 
steel pillar 3 m high and 30 cm in diameter at the western edge of the 
summit where it has a clear view of the approaching weather and potential 
sources of light pollution. It is high enough to be protected from curious 
tourists by day and stray flashlights by night. 
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3. Image Acquisition 

Image acquisition is controlled by software written (by David Walker) in 
C running under Linux on a PCI bus computer [ASL 900Mhz Pentium, 
512MB PC 133 RAM] using drivers based on code samples supplied by FLI. 
The ephemeris program by John.Thorstensen@dartmouth.edu was adapted 
and embedded in the acquisition routine. This schedules exposures only 
when the sky is dark and moonless since the moon produces considerable 
scattered light form the window and optics, and clouds can be easily seen by 
eye when the moon is up anyway. 

Three second exposures are scheduled every 30 sidereal sec after zero 
Greenwich Mean Sidereal Time, so that images can be exactly registered 
from night to night. Cumulative errors are avoided by slaving the Unix 
clock to a local GPS clock (TrucTime NTS200) using the Network Time 
Protocol [5] to achieve millisecond accuracy. Erasure during the two second 
idle time is not deemed necessary. 

Choosing Greenwich Sidereal Time over Local Sidereal Time assures 
that cameras in different locations take simultaneous exposures, which can 
be used for stereoscopic imaging of airglow, meteors, or aircraft traffic, or 
for verifying a transient astronomical event. 

Images through shortpass and longpass filters are alternated so that both 
clouds and airglow are continuosly monitored. Light pollution is recorded in 
narrow Sodium and Mercury bands [6] several times per night to determine 
whether regulations for shutting down commercial lighting late at night are 
being adhered to. 



4. Image Processing 

Images of the clear sky are constructed during the daytime by calculating 
the median of images taken at the same sidereal time on previous nights. 
Incoming are divided by the corresponding median image (sec Fig. 1 and 2). 
Since a clear sky produces a flat ratio, any atmospheric phenomena greater 
than the noise are easily identified [7]. This contrast enhancement technique 
is robust, self-calibrating and completely automatic, but typically it takes a 
month or two after the camera has been installed to build up good medians 
due to the requirement for stable registration. 

A web interface has been provided, which presents the latest images in 
each filter, plus animations of recent frames and of the whole night. Still 
images (PNG format) and moving GIF animations are binned 2x2 to reduce 
network bandwidth requirements. 
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Abstract: The Orthogonal Parallel Transfer Imaging Camera /OPTIC) is a recently 

constructed camera designed to remove image motion from optical images. It 
has 4Kx4K pixels, subtending about 10' at the Ull 2.2-m telescope. It is 
capable of removing image motion at rates up to 100 kHz and recording guide 
stars at rates up to KOI Hz. It will be permanently mounted at a bent- 
Cassegraitt port on the Ull 2.2-m and used for follow-up observations of 
transients such as supernovae. Gamma Ray Bursts fGRBs). and gravitational 
lenses as well as general purpose imaging. It is also extremely useful for 
monitoring the atmosphere and telescope performance. 



Key words: 



Charge-Coupled Device (CCD), Orthogonal Parallel Transfer Camera 
(OPTIC), image motion, turbulence 



1. The Camera and Controller 

The heart of the OPTIC camera is the MIT Lincoln Laboratory (MIT-LL) 
CCID28 (see Fig. 1). This is a CCD designed by the authors using funding 
from MIT-LL as well as the National Science Foundation (NSF). The 
CCID28 has 2Kx4K 15 pm pixels, with serial registers at both 2K ends and 
amplifiers at each comer. The CCD is mirror symmetric around the 4K 
centerline, and each of the 2Kx2K halves have separate clocks for the 
“lower" 512 rows closest to the serial registers and the “upper" 1536 rows 
closest to the centerline. The CCD, therefore, has effectively four “cells" 
which can be clocked independently. The CCID28 sits on a molybdenum 
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package and is buttable to <0.5 mm on the 4K sides, and buttable to within 5 
mm on the 2K sides. Figure 1 shows the CCID28 on its package. 




Figure I. The CCID28 sits on a molybdenum package and is buttable to <0.5 mm on the 4K 
sides, and buttable to within 5 mm on the 2K sides. 

The bond wires from the CCD go to a piece of AIN which has traces 
running around to load resistors, follower JFETs, and a Nanonics connector 
all lying underneath the footprint of the CCD. 

Each serial register is read out of one amplifier, for a total of four video 
outputs from the focal plane. We use SDSU-2 electronics for readout, with 3 
clock boards providing the 32 parallel clock signals, 20 serial clocks, 4 reset 
gates and 4 serial dump gates. Two video boards handle the four outputs, a 
utility board operates the shutter, filter wheel, temperature control, pre-flash 
LEDs, and a timing board carries the DSP which runs the whole operation. 
We currently run with a CDS with lusec integration on signal and reset for a 
net pixel rate of 125 kpix/sec at 4 e read noise. 

1.1 Orthogonal Transfer 

The unique feature of the CCID28 is the structure of the pixels. These are 
laid out in as an "orthogonal transfer" design, as described by [1]. Figure 2 
illustrates how the gate layout permits charge movement in all directions. 

Therefore the developing electronic image within the silicon can be 
clocked during exposure to follow an optical image which may be dancing 
around on the detector. 

This process can cause blurring, but since the offset between photons and 
electrons never needs to be larger than 0.5 pixel, this blurring is equivalent to 
convolution with a 1 pixel PSF. Non-perfect charge transfer efficiency 
(CTE) can also cause blurring, but with a CTE of more than 0.99999 and 
typical exposures of a few thousand shifts. This creates a very small skirt 
(few percent at most) of charge around a given charge packet, which is lost 
in the optical PSF. 
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Figure 2. The layout of the orthogonal transfer gates is symmetric to 90° rotations, and so 
the charge can be 3-phase parallel clocked in the vertical direction or the 
horizontal direction by setting the appropriate vertical or horizontal gates 
negative to act as a barrier. The center image is a photomicrograph of the gates 
of a single pixel. 

OT clocking can also create spurious charge if clock voltages arc 
excessive, but since a normal readout involves 2K shifts anyway, it is not 
significant. The advantages conferred by OT clocking include some amount 
of clocked anti-blooming (saturated stars tend to create a mesa of charge 
which never overflows the pixel boundaries), and automatic dithering of 
CCD defects or obscuring particles. Figure 3 shows how two CCID28 
devices have been deployed in a cry ostat. 
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The OPTIC camera consists of two CClD28s next to each other in a cryostat. 
These two devices therefore offer 4Kx4K pixels, and the plate scale at the Ull 
2.2-m is 0.1 38" 'pixel so the camera subtends about 10' on the sky. The four 
"lower" regions of 0.5Kx2K are designated as "guide regions", and the four 
"upper" regions of 1.5Kx2K are designated as "science regions’*. 



1.2 Operation 

Operation of OPTIC first requires a quick snapshot of the four guide 
regions in order to locate guide stars. The observer is presented with an 
image and selects zero or one guide star in each of the guide regions for a 
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total of 1-4 guide stars. The shutter is then reopened, a few video frames are 
taken of the stars, the precise centroid of each is determined, and then the 
shutter is reclosed and the arrays are cleared. The observation then 
commences when the shutter is reopened, and OPTIC goes into its basic 
video loop. 

The first stage of the video loop consists of a "shutterless video” readout 
of a small region around the 1-4 guide stars, typically 32x32 pixels binned 
2x2. This is done simultaneously for up to four stars, with a horizontal and 
vertical parallel transfer to quickly bring each of the 1-4 regions down to the 
amplifier, and then a standard subarray readout of 1-4 guide regions. The 
science regions and any guide areas which are not currently being used for 
guiding are left quiescent. Although the shutter is open throughout this 
process, the speed of the parallel transfer and readout, and the preeminence 
of the guide stars virtually guarantees that the guide star images will be 
uncontaminated by other stars in the field. This process is reasonably fast, 
requiring up to 1-10 msec for parallel transfer depending on whether guide 
stars are close to or on the opposite side of the CCD from an amplifier, and 
2-5 msec for the readout. 

The guide star images are then analyzed by the host computer for 
centroid, FWHM, and flux. The time sequence of each guide star's position 
is analyzed to predict where it will be at the next iteration. We have found 
that an algorithm which finds coefficients which predict observation N in 
terms of a weighted sum of observation N-l, N-2, etc. works well. The 
coefficients are periodically determined from the earlier observations, and a 
three coefficient algorithm performs well, even on periodic motions with 
only a few samples per period. 

Once the host computer has determined the predictions of the guide 
stars, it rejects bad predictions based on discordant offsets from multiple 
guide stars (if there is more than one) or on recent positions of a single guide 
star. The offsets are then used to update the location of the guide box for 
each guide star. 

The olTsets of the guide stars are then used to make a prediction of how 
the next iteration's optical image will differ from the accumulating image in 
each of the science (or unused guide) regions. Various algorithms are used 
here: the closest guide star, various averages of the guide stars, based on 
their distance from the center of the science region, or use time-lagged 
averages of the guide stars. These predicted shifts are then applied to the 
science regions by performing orthogonal transfer shifts to bring the 
accumulating image into registration with the optical image. 

Telescope guiding is also carried out by periodically applying a leaky 
average of the average offsets of the guide stars to the telescope drives. The 
host and DSP then pause for some number of msec to fill out the guide star 
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exposure time and the process iterates. The rate at which we guide depends 
on the brightness of the guide stars and the signal to noise ratio that we want 
for the guide stars, however the rate is typically ranges between 30 and 5 Hz. 
It is possible to run as fast as 100 Hz with guide stars near the amplifier. 

When the desired exposure time has elapsed, the shutter is closed and the 
is CCD read out. There are four basic files saved: the science observation, 
all of the video frames of the guide stars as a 3-D FITS file, a table of all the 
guide star analysis, and a table of all the OT shifts applied to the science 
regions. The only complication in subsequent reduction is that each 
observation has undergone a unique pattern of OT shifts. We have a utility 
that will convolve an unshifted flatficld with the shift pattern from the shift 
table of a given observation. This does a very good job of flattening, but 
obviously causes problems for creating a "superflat" out of the sky from all 
of the observations during a night. OPTIC requires that high signal to noise 
flats (e.g., dome flats) be used to remove the pixel-to-pixcl and OT shift 
pattern from all images. They can then be shifted into pixel registration, a 
superflat proeess applied, and a second round of flattening performed if 
necessary. 

We have not yet pressed OPTIC to see how faint it can stably carry out 
operations, but scaling from present performance we expect to be able to 
work usefully to m= 18 on the UH 2.2-m telescope. At these magnitudes, the 
probability of finding a guide star within one of the four l'x4' guide regions 
is very high, even at the galaetic pole. 

During the exposure, the observer is presented with a video display 
which shows the image of each guide star in its box, a "radar" display which 
shows how the images are moving around on the CCD (even though the 
readout boxes are adaptively following the stars), a leaky average, a strip 
chart of the image FWHM, and a strip chart of the magnitude of the stars. 
I he latter two are particularly useful for monitoring the quality of the seeing, 
transparency, and telescope focus. 



2. Image Motion 

We expected that tracking image motion at modest rates (5-10 Hz) would 
lead to a significant improvement in image quality, and indeed found that the 
motion compensated images were approximately 80% the width of images 
with telescope guiding at about 0.5 Hz. It was not uncommon to approach or 
hit the optical floor of the UH 2.2-m telescope (0.4", mostly triangular 
astigmatism). We were surprised, however, to find that the image quality did 
not vary appreciably with distance from the guide star. Previous 
observations at MDM observatory (TBS 97) had hinted at this, but had only 
demonstrated it to a modest separation of 2'. This camera is capable of 
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covering a full 10' separation between guide stars, and we never saw the 
characteristic radial elongation of image motion, which heralds the edge of 
the isokinetic patch. 

In order to investigate the degree to which motions of distant stars are 
correlated, we searched the USNO-A2 catalog for all constellations of bright 
stars where all four guide regions would have a star. At m<12 these 
constellations are rare, but for m<13 they arc plentiful. A good example is 
fl 121-0852, which has two pairs of stars separated by about 2'. and about 8' 
separation between the pairs. 

Over the course of nine nights throughout the Spring semester of 2002 
we imaged these constellations and recorded the image motion at typical 
rates of 15-30 Hz. We analyzed these videos to look for correlations 
between the image motion of the various pairs, the angle at which the 
motions decorrelate (isokinetic angle), and for correlations with non-zero 
time lag. 

It was immediately obvious that the images always show a striking 
degree of correlation in their motion, regardless of separation up to 12' or so. 
Of course, any Haw in the telescope pointing from bad tracking, wind or 
dome shake will give us a correlated motion in all the stars imaged, so this 
result is not very significant of itself. However, the differential image motion 
comes purely from atmospheric distortion. 

It was immediately obvious that the images always show a striking 
degree of correlation in their motion, regardless of separation up to 12’ or so. 
Figure 4 shows typical motion of the stars in the fl 121-0852 field. 
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Figure 4. Image motion of 0.32" and 0.38" FNVIIM in .r and y seen between stars at 
separations of 8', 2'. and 8' (top to bottom with respect to star on the bottom). 
The overall image size during this exposure was 0.5". or 0.4" with image motion 
removed. 
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Of course, any Haw in the telescope pointing from bad tracking, wind or 
dome shake will give us a correlated motion in all stars imaged, so this result 
is not very significant of itself. However, the differential image motion 
comes purely from atmospheric distortion. Figure 5 illustrates this 
differential motion of the stars relative to the first one. 
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Figure 5. Differential motion of 0. 1 7" FWHM (stars at 8 separation) and 0. 1 1 " (stars al 2 ). 



There is a modest amount of decorrelation at 8' relative to 2', but the 
overall amount of image motion is quite small. Even at 8' the differential 
image motion is less than 0.18" FWHM, which will degrade 0.4" seeing by 
only 10%, whereas with no correction the seeing would degrade by about 
20%. At 2' the degradation is only 4%. 



3. Turbulence 

Kolmogorov turbulence has a structure function that causes density and 
index variations whose variance scales as r ~ 3 and wavefront phase 
variations which vary as ;- 5 3 [2]. The mean tilt of the phase variation that 
this causes across a telescope pupil gives rise to the coherent image motion, 
and the higher order components cause other distortions whose integrated 
effect can be conceptualized as an image with a certain width which dances 
around the focal plane with a characteristic amplitude. 

If we calculate the amount of the image motion (as a FWHM), the 
intrinsic FWHM from the higher order wavefront distortions, and the net 
image size for 800 nm, 0.7" seeing, and a 2.5-m telescope diameter we find 
that for Kolmogorov turbulence these three quantities form a 3-4-5 right 
triangle, i.e. 3 units of image motion and 4 of intrinsic size combine to make 
5 units of net (uncorrected) image size. Although this exact ratio does 
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depend on wavelength, rO, and telescope diameter, it is valid to the 1/6 
power. Thus this rule of thumb is accurate for practically all circumstances. 

If we look at all pairs of stars in all constellations observed throughout 
the nine nights spread through the semester, we find that the median seeing 
was about 0.7", as is commonly reported at Mauna Kca. Figure 6 shows the 
seeing and differential motion from all the observations this Spring at the 
UH 2.2-m telescope. 




Image FWHM (arcsec) 



Figure 6. Sample of seeing and pairwise differential image molion over nine nights at the 
UU2.2-m. 

However, the differential image motion was far less than what we would 
have expected if the star pairs were undergoing independent Kolmogorov 
turbulence. In tliat case w'e w'ould expect the differential image motion to be 
something like (3\2]/4 times the intrinsic image size. In fact, given the 
amount of differential motion, if w'e could somehow' remove the image size 
which occurs because of correlated wavefront distortion, the median seeing 
at the UH 2.2-m would be about 0.3", not 0.7". 

What is going on? We expect the W'avcfronts of guide stars to become 
uncorrelated w'hen the telescope pupil to each passes through different 
regions of turbulence, i.e. in the simple case that a single layer of turbulence 
exists at a height h, the star motions should decorrelate at an angle Dfh, 
where D is the telescope diameter [3]. The high degree of correlation at 
greater than 10' means that the height of the majority of the turbulence is 
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very much less lhan 500 m altitude. It is possible that we are seeing a 
boundary layer at a few 100 m altitude, but it seems more likely the problem 
is local to the telescope and is related to the thermal environment in the 
dome. Presently the 2.2-m mirror typically has a temperature of T-l °C, the 
eloscd tube —2 °C, and the ambient air — 1 °C, which is a certain recipe for 
generating plumes of rising air. Ventilating the tube with a fan, and the short 
period at the start of a night when the tube has not cooled below the mirror 
helps the seeing. The seeing does seem to show some sensitivity to the 
orientation of the dome with respect to the wind. These suggest that the UH 
2.2-m has a very bad thermal environment and that the seeing is primarily 
generated in the dome or the telescope tube. The newer generation of 
telescopes on Mauna Kea such as Subaru and Gemini are starting to report 
much better median seeing than is supposed to be possible on the older 
teleseopes. 

The Kolmogorov turbulence model and the supposition of thermal 
problems at the UH 2.2-m may or may not be correct. What is undeniable, 
however, is that images become much sharper when their motion is 
corrected according to a guide star as distant as 12 '. 

Typically, a 20% improvement in image size accompanies the 
application of reasonably rapid image motion correction (see Fig. 7). 




Figure 7. The image improvement as a function of guide star separation. 



394 



John L. Tonry, et at. 



This may seem like a modest gain, but making the point spread function 
(PSF) 20% smaller corresponds to the signal to noise ratio increasing the 
quantum efficiency or throughput of the system by 50%, and the gains are 
even larger in crowded fields. Image motion compensation is very 
beneficial if the cost does not exceed 50% the cost of the system w ith it. 



4. Summary 

The median seeing at MK generated at high altitude appears to be about 
0.3", and the expectation is that this cannot be improved beyond about V 
(depending on altitude) from a guide star. However, image sizes in excess of 
0.3" appear to be almost alw'ays caused by turbulence generated in the 
telescope or dome, and the image motion is highly correlated over very large 
angles, certainly well in excess of 12'. Even when higher order AO 
corrections are not possible (e.g . , with wide field imaging), removal of 
image motion is extremely worthwhile. At least On Mauna Kea it seems 
that, one is either enjoying 0.3" median seeing or else one can expect to 
improve the PSF by about 20% using guide stars at angular separations of 
I O' at rates of 5- 1 0 Hz. 
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1. Introduction 

We anticipate funding to build a telescope facility known as the 
Panoramic Survey Telescope and Rapid Response System (PanSTARRS). 
This will be a four telescope array, each of aperture 1.5-2-m and equipped 
with a Gpix focal plane, which will survey the entire visible sky 
approximately every week. We will build a software pipeline that will 
monitor the data in real-time for everything which moves — near Earth 
“killer" asteroids (NEOs), comets, other asteroids. KBOs, or blinks 
— supemovae, variable stars, gravitational lenses. We will also build an 
image of the sky of unprecedented quality which can be used for the study of 
weak lensing, counts of stars and galaxies, discovery of exotic classes of 
objects, etc. The first year will be spent carrying out design studies and 
building prototypes, the second and third years will be telescope and detector 
construction, the fourth year will be integration, and we expect to commence 
routine science by the fifth year. Many of the ideas concerning this project 
are described by Kaiser el al. [1], however, they lay out a more ambitious 
project than the one envisioned here. 
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Our scientific interests have been endorsed by the Astronomy and 
Astrophysics Decadal Survey, which calls for a "Large Synoptic Survey 
Telescope" (LSST) which has a 6-8-m effective aperture, 7-9 sq. deg. field- 
of-view, and a 1-3 Gpix detector. Our PanSTARRS project will build a 
system with an effective aperture of 3-4-m, and as such is not intended to be 
the full LSST. However, should we prove successful, it is possible to build 
more telescope/detector units to achieve the full aperture desired at a very 
predictable cost and schedule. 



2. Detector Economics 

It is a very sobering prospect to build four focal planes, each with - I 
Gpixs. Currently CCD detectors cost approximately 1 cent per pixel 
(thinned, science grade 2Kx4K devices can be bought for -$80k). Infrared 
arrays hybridized to a silicon readout multiplexer are at least a factor of 10 
more expensive per pixel (the Rockwell 2Kx2K HgCdTe devices are sold 
for -$50()k). In addition, the total cost of the current crop of “megacams" 
which offer 0.3 Gpixs is 2-3 cents per pixel partly because of the cost of 
engineering and controller electronics. Even at 1 cent per pixel for a 
detector, the cost of 4 Gpix is S40M, which is prohibitively high for the 
system we envision. 

Our proposed detector should permit us to reduce the detector cost to 
approximately 0.1 cents per pixel, offering 4Kx4K pixels at a cost of ~S20k. 
The total cost of each of our Gpix focal planes would then be -$2M when 
cryostat, shutter, filters, controller, and assembly are added in, and we expect 
an additional -S2M of non-redundant engineering (NRli) cost. 



3. Proposed Improvements 

There are a number of areas w here we expect to improve the detector cost 
to performance ratio. First and foremost, we expect to improve the yield of 
workable detectors, since the cost per detector is inversely proportional to 
the yield. We will decrease the pixel size as much as possible, since the cost 
of CCDs is roughly proportional to the area of silicon, not to the number of 
pixels. We will remove image motion, since a 20% improvement in PSF 
width improves signal to noise as much as a 50% improvement in quantum 
efficiency. We will reduce the readout time to approximately 2 sec, so that 
the duty cycle of the detector will be nearly unity. Finally w-e have the luxury 
of designing the telescope, the CCDs, the package, the cryostat, the readout 
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electronics, and the host computer all at the same time, so we will pay close 
attention to the costs and scalability of our total system. 

3.1 Yield 

The probability that a CCD from a given silicon wafer will turn out to be 
operable depends in large part on the absence of very localized, catastrophic 
defects such as gate to substrate shorts or bad amplifiers. For example, the 
"engineering grade” CCID28’s from the U. Hawaii OPTIC camera are poor 
detectors for science because of three tiny gate-to-gate shorts, which cause 
massive bright defects. In order to operate these devices half of the array has 
to be "turned off' by reducing the gate-to-gate voltages below the point 
where the device can be elocked effectively. 

It is possible, of course, to make very small devices ( e.g ., lKxlK) and 
then reject the ones with defects, but this leads to very rapidly rising 
packaging and focal plane costs, and the metrology of the focal plane also 
becomes highly unstable. Current CCD foundries do a very good job on 
yield of 2Kx4K parts, typically achieving yields of 25% which means -0.1 
defect cm 2 . To increase yield we need a way to isolate defects without 
losing the entire device. 

3.2 Pixel Size 

Given the freedom to design the optical telescope, we can push the size of 
a pixel that samples the PSF quite small, perhaps as small as 5 pm. 
However, we want to have thick devices for good performance in the near IR 
(800-1000 nm). Ideally we w'ould like to 40-50 pm thick, fully depleted, 
high-resistivity silicon. However, on such devices charge diffusion may 
negate the value of small pixels. Experiments by UH, FSO, M1T-LL, and 
others find charge diffusion of -5pm rnis. In addition, small pixels and 
standard NMOS lithography increase the probability of design traps or yield 
problems. At present we know' that 12-15 pm pixels yield well, we think 
that 8-10 pm pixels may be possible, and we believe that less than 8 pm 
pixels are unlikely in a thick, deep depletion CCD. Other technologies such 
as CMOS have little difficulty with smaller pixels, and use of a vertical 
electric field can improve charge diffusion, but w ( e do not believe that these 
technologies are mature enough to provide detectors on the 1-2 year time 
scale necessary for PanSTARRS. 
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3.3 Motion Compensation 

Image motion compensation is extremely important, since approximately 
20% of the blur in uncompensated image comes from motions that are 
coherent over cycles that are as large as 10'. Various schemes have been 
used to remove image motion optically, including small field of view 
cameras with tip-tilt mirrors, but the most ambitious to date is the 
transmissive tip-tilt plate for the I degree FOV CFHT Megacam. It remains 
to be seen how well the CFHT system works, but one major limitation is that 
it can only correct the entire field of view at once. No one expects image 
motion from the atmosphere to be coherent across 1 degree, much less the 3 
degrees planned for PanSTARRS. Instead what we need is a "rubber focal 
plane” which can effectively stretch and move to follow differential image 
motion across an arbitrary field of view. 

We believe that the orthogonal transfer technology [3,4] can be used to 
create a rubber focal plane. It is a very fast way to shift charge to follow a 
moving optical image, and if the focal plane is divided into individual cells 
that are smaller than the isokinetic angle w'e can follow image motion over 
an arbitrarily large field of view. 

3.4 Readout Speed 

Fast readout is essential. With the SUPR1ME camera on Subaru, for 
example, the total readout time of 100 sec is nearly equal to the time it takes 
the detector to saturate in the Z band, so the 8.2-m telescope is reduced to 
less than 6-m effective aperture because of readout overheads. Telescope 
time is simply too expensive to waste with a closed shutter. In addition, a 
large part of the rationale for LSST and PanSTARRS is to find NFOs, which 
move quite rapidly. 

Once a moving object has moved more than one point spread function 
(PSF) wddth the detection signal to noise does not improve with exposure 
time. For NFOs this can happen in as little as 20 sec. We therefore feel that 
a readout in -2 sec is essential. This requires us to have many signal chains. 
We are willing to tolerate 4e~ of read noise, but cannot accept much more 
without becoming dominated by read noise instead of sky noise in a 20 sec 
exposure. It is possible to run a single amplifier at 1 Mpix/sec with 4e' noise, 
but it is unlikely to be able to run much faster. Therefore reading out 1 Gpix 
in 2 sec at 1 Mpix/sec requires 500 amplifiers and signal chains, or one 
amplifier per 2 million pixels. As a benchmark, the CFHT Megacam reads 
out in about 20 sec using 80 amplifiers, so w'C need nearly an order of 
magnitude more readout channels and faster readout. 
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We believe we can achieve these goals by building monolithic devices, 
which are broken into an 8x8 chessboard of independent orthogonal transfer 
CCDs (OTCC'Ds). A given device might have 4Kx4K pixels total, and be 
comprised of 64 OTCC’Ds that are each 512x512 pixels. We call this device 
the Orthogonal Transfer Array (OTA). Figure 1 illustrates the composition 
of an OTA in terms of cells, and cells in terms of Orthogonal Transfer (OT) 
pixels. 



Video output Analog video cut 




Figure I. Layout of the OTA. showing OT pixels, which can clock charge horizontally or 
vertically, a single CCD cell with its addressing and clock lines, and a full OTA of 
64 OTCCD cells. 

Each cell in this device shares common serial clocks and biases 
(appropriately buffered for isolation), but there arc two independent sets of 
parallel clock lines - active and standby. Row and column addressing lines 
determine which set of parallel clocks a cell is connected to (see Fig 2). 
When connected to standby, the charge does not move in a cell. When 
connected to active, the charge can be clocked for readout or for OT shifting 
to follow image motion. Likewise, the cell addressing also determines 
whether a cell is connected to an output bus line or not. Readout of the 
entire array would normally proceed row by row, with each cell in a row 
connected to the column video bus line for readout. The connections to 
these cells are via metal lines, which run in 100 pm gaps between the 
devices or over the gates. 

As with any device of this size, we expect catastrophic defects in these 
OTAs, but we can isolate the defects to individual cells. With a typical 
defect rate of 0.1 cm', a 5x5 cm OTA would have 2-3 dead cells on 
average. The gaps between the cells and these dead cells would simply be 
accepted as dead area, and dithered away by the four telescopes of 
PanSTARRS and'or multiple observations with small telescope shifts. 
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We therefore expect the yield of these devices to be significantly greater 
than 50%, and we expect to obtain 30-40 per lot run, which is how we hope 
to achieve our goal of less than $20k per device. We note also that bad 
columns are confined to a cell. In addition the OT pixel structure does not 
bloom for bright stars as much as three phase CCDs, and that the OT shifting 
which is a norma! component of observation does quite a bit of clocked 
antiblooming. 








Figure 2. Sketch of how the OTA cells can be connected to active or standby clocks and 
output buffer lines. 

Nevertheless, there will be very bright stars on the array (a given 
PanSTARRS field will have a magnitude 6 star and many magnitude 10 
stars). Our plan is to write off these cells for science and instead rapidly read 
out a little patch around these bright stars and use them for guiding. We 
therefore simultaneously dispense with the enormous bleeding of charge 
from bright stars and acquire a distributed guide signal over the focal plane. 
These cells will subtend 1-3' on the sky, depending on our precise choices 
of pixel size and focal length, and independent OT shifting of each cell 
provides a rubber focal plane. Figure 3 sketches out how one of these OTAs 
might look and suggests a typical dispensation of cells. 

The readout time of this device should meet our goal of 2 sec, since w'e 
can use 8 amplifiers simultaneously (one per column). We can wrap the 
serial register around underneath each device to the output amplifier 
structure, and add a follower JFET for buffering onto the output bus and 
addressing logic. We expect to keep the gaps between the cells to <100 pm, 
which means that we will have a fill factor in the focal plane of close to 
97%. We have experimented wdth some NMOS structures to carry out 
NAND and NO T functions, and it appears to be practicable. 

Use of orthogonal transfer shifting to remove image motion is a very 
attractive option (see the article on the OPTIC camera in this volume), since 
it allows us to remove image motion from atmosphere and telescope, and 
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substantially reduces the tolerances on telescope tracking. Even if the OT 
pixel topology has a lower yield than three-phase (our most current CCID28 
lot suggests that this is not the case), the defects would not cause a problem 
with an OTA since they would simply lower the number of operable cells 
slightly. 
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Figure 3. Typical use of an OTA. showing dead cells, cells devoted to guide stars, cells 
devoted to science, and bad columns. 



The OTA package must be four-side buttable, for which we have 
designed a custom multi-layer AIN substrate that brings the bond pads to a 
pair of Nanonics connectors or a pin grid array underneath. The package sits 
on a 3-point pseudo-kinematic mount, which can accept precision spacers to 
adjust the device to a desired focal plane. We will use flex circuits to attach 
to the package and provide thermal isolation. We have also had success in 
passing the flex circuits through the cryostat wall and potting the gap to 
maintain vacuum integrity. 

The large number of video channels for the PanSTARRS focal planes 
requires a new generation of controller, but fortunately the electronics and 
computer industry has advanced well beyond the state of the art of current 
astronomical controllers. For example, the SDSU-2 video board has two 
channels, is capable of up to 500 Kpix/sec with a correlated double sample 
and a 16-bit A/D, and consumes about 15 W of power. In contrast, the 
Analog Devices 9826 part, which is designed for HDTV and has three 
channels (nominally RGB), manages 15 Mpix/sec with a CDS and 16 bit 
A/D. The power consumption is 250 mW, and it is more than two orders of 
magnitude smaller than an SDSU-2 video board. The possibility of using an 
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ASIC for some or all of the device control and interface is extremely 
attractive, and we recognize that this is probably going to be the way things 
are done in the future, but we do not believe that ASICs will be available 
early enough or at a low enough development cost for PanSTARRS. 

Barry Starr has spoken during this conference about his plans for a 
“Monsteroid” controller [2], which has an open and scalable architecture. 
Under this scenario, four OTA's (an 8Kx8K portion of the focal plane) 
would be run by a quad interface unit, which in turn communicate with a 
host computer via a Gbit fiber. Any number of these Quad OTA (QUOTA) 
units can be chained together, with a synchronization connection keeping 
readouts in lockstep. 

The final Gpix imager we envision (PanSTARRSC'am) has 64 OTAs, 
making a 32Kx32K focal plane spanning 16 in (40 cm) on a side and 
covering 8 sq. degrees. The system will have 512 signal chains, a cluster of 
host computers, and a data processing pipeline. Each of four telescopes will 
have a PanSTARRSCam, and the data from each will be brought together for 
the following processing steps: flat-fielded, registered onto a common 
coordinate system, combined with cosmic ray rejection, and then analyzed to 
find objects with parallax (things in Earth orbit), objects which move, 
objects which blink relative to a growing master image of the sky, etc. We 
hope to see a first deployment of one of these cameras and telescopes in 
2005, and routine science operations in 2006-7. 

The OTA is a realizable and cost effective solution for very large focal 
planes. Other advantages include the fact that bright stars become guide 
stars, a rubber focal plane compensates for image motion, and very fast 
readout. We do not know of any other technology which is likely to be able 
to fill our need, including large monolithic CCDs (too expensive and readout 
too slow), small individual CCDs (packaging and electronics become 
overwhelming and no image motion compensation), monolithic CMOS 
(poor red QE and non-filled pixels are problematic for marginally sampled 
PSFs), and hybrid CMOS (still too expensive). We arc confident that the 
next decade will see great strides in imaging technology, and we believe that 
our proposed device has the right combination of conservatism and audacity 
to carry out its science mission. 
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Abstract: The Hubble Space Telescope Wide Field Camera 3 (WFC3) is a new 

instrument planned for deployment during Servicing Mission 4 in 2004. One 
of its key scientific goals is to provide panchromatic coverage front the near - 
UV through the near-IR. This is accomplished using two detector 
technologies. Marconi Applied Technologies back-thinned CCDs and 
Rockwell Scientific Mercury-Cadmium-Telluride ( HgCdTe ) IR focal planes. 
The Marconi CCDs have been delivered and characterized. The performance 
of these devices is exceptionally good, and will provide a new wide- field, near- 
UV capability for the observatory. Several notable advances are described. 

Keywords: Hubble Space Telescope (1 1ST). Wide Field Camera 3 (WFC3), Charge- 

Coupled Device (CCD). Charge Transfer Efficiency (CTE). Charge Transfer 
Inefficiency (CTI), charge injection 



1. Marconi CCD Performance 

The WFC3 CCDs are based on the Marconi Applied Technologies 
commercial CCD44 (4Kx2K) devices. For the WFC3 application, Marconi 
has modified the device design to create the CCD43 model, which has 
parallel register in the short direction (2Kx4K operation). This device 
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includes a mini-channel (or supplementary buried channel), MPP mode of 
operation, and provide a charge injection feature at the top of the device. 
The modifications are for the purpose of mitigating the effects of radiation 
damage: primarily charge transfer efficiency (CTE) degradation and an 
increase in hot pixels. 



2. CTE Performance & Charge Injection 

An extensive program of CTE characterization has been completed for 
the commercial CCD44 devices and radiation testing of the flight CCD43 
devices is almost complete. Initial results show that the Marconi CCDs 
perform very well in an ionizing radiation environment. 

The Detector Characterization Laboratory (DCL) tests include careful 
characterization of the CTE using ' Fe, Extended Pixel Edge Response 
(EPER), and First Pixel Response (FPR) methods. Independent of the 
method, the CTE has a unique meaning only when operational conditions are 
specified because it depends on many factors, such as detector temperature, 
readout rate and the size and distribution of the charge packets. For 
example, figure 1 shows how the charge transfer inefficiency (CTI = 1-CTE) 
for a device with the equivalent of 2.5 years on-orbit radiation damage can 
vary by a factor of two depending on the number of detected x-ray photons 
per column. 

The Marconi CCD43s implement a charge injection feature that is being 
investigating for on-orbit CTE degradation mitigation. This method has the 
advantage of being essentially noise-free compared to optical bias 
techniques. Initial results are very promising. 

A comparison was made of optical bias and charge injection techniques 
for mitigating CTE degradation. Figure 2 shows the effect of an optical bias 
on the performance of a CCD exposed to the equivalent of 2.5 years of on- 
orbit radiation damage (2.5x1 0" protons/cm" at a single energy of 63.3 
MeV). As the bias signal level is increased the CTE improves such that at a 
level of -200 e the CTE of the detector is equivalent to that of a detector 
which has only been exposed to a 1-year dose of radiation damage. The 
penalty associated with this improvement in CTE is that each pixel has a 
shot noise of -14 e , thus reducing the ability to detect faint sources. 

The CTE of a detector can also be improved by injecting rows of charge 
into the detector prior to the exposure. The charge in the injected rows fills 
up many of the charge traps in advance of the ?5 Fe signal packets, resulting 
in improved CTE for these packets. Figure 3 shows the improvement in CTE 
for a device exposed to a 2.5 years dose of radiation damage, for different 
intervals of the injected lines. For a device with charge injected once every 
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50th row, the CTE is improved to that of a device with only a I year dose of 
radiation damage. 

► -l 

. 

3.10 S • . 




Mtu^umn 

Figure I. The measured CTI depends on the density of the ”Fc x-ray events. An increase 
density of 55 Fe events results in as much as a factor of two improvement in CTI. 
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Figure 2. An optical bias level of -200 c on a device with the equivalent of 2.5 years on-orbit 
radiation damage results in CTE performance similar to a device with only l-year 
of radiation damage. 
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Figure 3. When charge injection is employed, device CTE improves. For example, a device 
with the equivalent of 2.5 years on-orbit radiation damage shows a CTE similar to a device 
with only I -year of radiation damage after charge is in jected every 50 rows. 

The effect on the scientific capability of the detector is quite different in 
the presence of charge injection than for an optical bias. In the case of charge 
injection, the injected rows might not be useful for science. The rows 
immediately trailing the injected rows will also have an increased signal and 
hence increased noise. However, most of the non-injectcd rows w ill suffer 
only a slight increase in noise. 1'his technique thus offers the potential of 
improving the CTE while still being background or read noise limited in the 
detection of faint sources. 

Further w'ork is currently being undertaken to characterize the noise 
associated with the charge trails from the injected rows. In particular, the 
amount of noise, along w ith its repeatability must be determined in order to 
assess the usefulness of charge injection in mitigating CTE degradation. 

This w'ork is being performed at the NASA Goddard Space Flight Center 
Detector Characterization Laboratory. For general information on the DCL 
please visit http://dcl.gsfc.nasa.uov . 
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Abstract: This paper reports on detector and camera developments in the Space 

Science and Technology Department of the Rutherford Appleton 
Laboratory. In recent years, we have been developing CCD-based 
cameras for. amongst others, solar physics research, and high resolution 
Earth observation from space. More recently, ue have diversified into the 
development of both CCD and IR detector systems for ground-based 
astronomy. This paper summarises our project work and on-going 
development programmes. 



Key words: Charge-Coupled Device (CCD), Active Pixel Sensor (APS), 

Complementary Metal-Oxide Semiconductor ( CMOS) Active Pixel 
Sensor, camera, detector, infrared, focal plane array, astronomy, earth 
observation. 



1. Introduction 

The development of CCD instrumentation within the Space Science 
and Technology Department (SSTD) at the Rutherford Appleton 
Laboratory (RAL) began in earnest in 1990. Our programme has 
consisted of project work for several space science and Earth observation 
missions, and a smaller element of underpinning research and 
development. Recently, we have diversified into the development of 
CCD and IR systems for ground-based astronomy. This paper provides a 
brief description of our recent project work and our research interests. 
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2. Space Programme 

The development of CCD instrumentation for the space environment 
poses a number of challenges due to requirements to minimise size, mass 
and power, and the susceptibility of CCDs and electronics to radiation 
damage. Our programme has combined project work with two primary 
themes of research and development (R&D): 

1. The development of radiation-tolerant ASICs for space-borne CCD 
camera instrumentation [1]. 

2. The development of science-grade CMOS Active Pixel Sensors 
(APS) as an alternative image sensor to the CCD [2]. 

Our CCD camera programme was initiated in 1990. The first cameras 
to be developed were: 

1. Star trackers for the SPECTRUM-RG/JET-X X-ray telescope [3], 
and the LEGR1 gamma-ray telescope on the Spanish Minisat mission 

[4]- 

2. Earth Observation cameras for the Pakistan BADR-B and Moroccan 
MAROC'-TUBSAT micro-satellites [5], 

Building on these first projects, we have expanded both our project 
and R&D activities. Our R&D has been strategic in that we have 
identified key requirements of future missions, and then developed 
'enabling' technologies common to as many future mission requirements 
as possible, thus aiming to maximise the return on the non-recurring 
R&D investment. 

Our current project programme is outlined below. 

2.1 SMEI (Solar Mass Ejection Imager) 

SME1 [6] is a heliospheric imager designed for the study of coronal 
mass ejections and ‘space weather', comprising three CCD cameras to 
image transient heliospheric features from Earth orbit over the entire sky 
every 90 minutes. The project is in collaboration with the University of 
Birmingham, the US Air Force Research Laboratory (AFRL), and the 
University of California San Diego. Our role has been to design the CCD 
camera electronics, the challenging requirements being for low readout 
noise and wide dynamic range. The CCD used is a Marconi Applied 
Technologies (formerly EEV, and now E2V) CCD05-30. We use the 
Inverted-Mode variant for low dark current and enhanced tolerance to 
ionizing radiation effects. The camera is designed to run at 100 Kpix/sec 
with 16-bit digitisation. 
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2.2 DCIXS X-ray spectrometer 

DCIXS (Demonstrator Compact Imaging X-ray Spectrometer) [7,8] 
exploits novel C'CD-bascd technology in an X-ray fluorescent 
spectrometer to fly on the ESA SMART- 1 technology demonstrator 
mission to the Moon. DCIXS works by the detection and spectral energy 
resolution of X-ray fluorescence from the lunar surface mineralogy, and 
is intended to provide the first complete survey and material analysis of 
the Moon's surface composition in X-rays. The novel aspect of DCIXS 
is the exploitation of the newly developed Marconi Applied 
Technologies Swept Charge Device (SCD). The SCD exploits the same 
basic technology as an imaging CCD. but its high effective frame rate 
yields X-ray detection and spectroscopic measurement capabilities while 
running at a significantly higher operating temperature. This enables a 
compact instrument that avoids the need for a large cooling radiator. 

2.3 TOPSAT 

A major goal in Earth observation has been to develop more compact 
and affordable high-resolution camera systems, 1 m/pixel ground- 
sampling being a primary aspiration of the industry. Traditionally, 
camera systems of this capability have been large and required 
substantial spacecraft vehicles; both aspects leading to high unit cost. 
Our SURCIS (Sub-one-metre Resolution Compact Imaging System) 
programme [9] aims to develop more compact affordable solutions. We 
have designed modular and scalable cameras based on the concept of an 
off-axis 3 mirror telescope with integral ‘push-broom’ linear CCD 
detectors. The culmination of this work is the TOPSAT programme [10], 
which aims to provide 2.5 m/pix panchromatic and 5 m/pix 3 colour 
ground-sampling from a micro-satellite on a 600 km altitude orbit. RAL 
are providing the camera within the TOPSAT consortium with QinetiQ, 
Surrey Satellite Technology Limited (SSTL), and InfoTerra. 

2.4 STEREO/SECCHI 

We are designing the CCD cameras for the SECC’HI (Sun Earth 
Connection Coronal and Heliospheric Investigation) [11] remote sensing 
instrumentation of NASA's STEREO (Solar Terrestrial Relations 
Observatory) mission. SEC'CHI will observe coronal mass ejections from 
their birth at the Sun, through the corona to their impact at Earth. There 
are four instruments: two white light coronographs, an extreme 
ultraviolet imager, and a dual-head heliospheric imager. There arc thus 
five CCDs, all of which are thinned, back-illuminated Marconi Applied 
Technologies 2K x 2K pixel CC'D42-40s. The camera electronics makes 
extensive use of our ASIC technology [1], aiming for 1 Mpix/sec readout 
with 14-bit dynamic range. 
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3. Ground Based Astronomy Projects 

In the early 1990's a Transputer-based CCD controller [12] was 
developed for general-purpose laboratory R&D, and which ultimately 
provided the design of the Earth Observation cameras for the Pakistan 
BADR-B and Moroccan MAROC-TUBSAT micro-satellites [5]. The 
Transputer controller was also successfully exploited in a variety of 
projects at the South African Astronomical Observatory’ [13]. 

Three ground based astronomy detector projects are currently in 
progress, and these are described in the following sub-sections: 

3.1 VISTA Infrared Camera 

VISTA (Visible and Infrared Telescope for Astronomy) [14] is a 4-m 
wide- field survey telescope, currently under development, for operation 
at ESO’s Cerro Paranal Observatory'. VISTA has been designed to feed 
either an I R or an optical wide-field camera. 

RAL, UKATC and the University of Durham are designing VISTA’s 
IR camera. The focal plane will employ 16 Raytheon 2Kx2K VIRGO 
HgCdTe detectors, controlled by ESO 1RACE controllers [15]. 

3.2 FMOS (Fiber Multi-Object Spectrograph) camera 

FMOS [16] is a fiber-fed, OH suppression, near-infrared 
spectrograph for the SUBARU telescope, which is being developed in 
conjunction with Oxford University and the University of Durham. RAL 
is undertaking the optical design of both spectrograph and camera, and 
the design and construction of the camera. The camera will use a 
IIAWAII-2 infrared array, controlled with an SDSU infrared controller [17] 

3.3 SUBARU fast photometer 

A frame-transfer CCD camera has been designed as a high-speed 
alternative to the camera normally used on the SUBARU telescope 
FOCAS [18] instrument. A Marconi CCD47-20 with integral Peltier 
cooler is used, with an SDSU-II CCD controller and LINUX PC. The 
flexibility exists to read out either the full CCD frame (lKx IK pixels) or 
just small regions of interest (window's) to enable high frame-rate 
operation. 

FOCAS may be used in both imaging and spectrographic modes and 
the fast camera will enable progress, for example, in the spectroscopic 
study of short period binaries. 
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3.4 Summary 

We have described the current CCD project activities in the Space 
Science and Technology Department of the Rutherford Appleton 
Laboratory. 
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Abstract: IVe have produced a compact . high performance CCD camera which utilizes a 

TII7H99 2Kx2K chip cooled by thermo-modules functioning in both the frame 
transfer and drift scan <TDI) modes. The maximum readout speed is 4 MHz. 
The readout noise is 20 e at a readout rate of I MHz. The full well capacity 
of the CCD in MPP mode is over 260K e~. The composition and performance 
of the camera are discussed in this paper. 

Key words: Charge-Coupled Device (CCD), camera. Erasable Programmable Logic 

Device (EPLD). signal processor, readout 



1. Introduction 

The CCD camera discussed (see Fig. I) was purposely built for 
astronomical observations at Beijing Observatory. High-speed readout and 
compactness are the desired characteristics for our new camera. These will 
increase efficiency and make new applications available. The compact 
controller we designed and built is an attempt to synthesize the key 
components into one design. A high level of integration was achieved by a 
programmable logic device (EPLD) for generating CCD clocks and a CCD 
Signal Processor for readout. 

2. EPLD Clock Generation 

The versatility of the compact controller stems from the use of an Altar's 
EPLD, EPM7256AETC 100-7, without any other counters, memories, latches 
etc. The EPLD is a high performance, EEPROM-based programmable logic 
device and has 68 user I/O pins with 2500 gates. The in-system 
programmability via standard JTAG interface allows unlimited design 
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modifications. The maximum speed is 150 MHz. The EPLD generates the 
sequences to drive the charge transfer on the serial and parallel CCD directly. 
We selected the most efficient tool, VHDL, to design all of the logic circuit. A 
programmable logic device-based controller delivers the flexibility to 
upgrade with no limit and the easiness to add new special functions. 




Figure 1. Camera outline with its small dewar and eircuit box. The size of the camera is about 
I00mmx58mm; its weight is about 1.5 kg. 



3. CCD Signal Processor 

The analog circuit in most CCD controllers uses a separate amplifier, dual 
slope integrator and AD converter. Thus the circuit size and power 
consumption is obviously larger. We employed the CCD signal processor, 
AD9826, to reduce space and power consumption. The single device 
contains a programmable gain amplifier, olYset DAC, double correlated 
sampling circuit and 16 bit AD converter. I he operation speed is >15 MHz. 
The AD9826 features a 3-channel architecture designed for the color CCD 
camera. The internal registers are programmable through a 3-wire serial 
interface. The power supply is a single 5 V, 3 V/5 V digital I/O compatible, 
which is packaged in a 28-lead SSOP. The size of the AD9826 is about 10 
mmx5 mm. The power consumption of the AD9826 is less than 1 (K) mW at 
the clock rate of 4 MHz in our camera. We suffered from external noise and 
possible cross talk at a vacuum connector when we initially placed the ADC 
outside the CCD dewar. After installing all the analog amplifier chains and 
the AD9826 in the dewar, we successfully eliminated the noise. As a bonus, 
we reduced the space too. 
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After testing, the CCD signal processor shows excellent performance. 
Although the read-out noise does not satisfy our final requirement, the signal 
processor is still, potentially, a competitive device in scientific applications. 

4. System Performance 

Thomson's MPP mode CCD, TH7899 2Kx2K, 14 pm pixel size, is 
employed in our system. The CCD is thermoelectrically cooled within a small 
dewar. Our camera offers 3 modes of CCD operation: full frame, drift scan 
and frame transfer. Computer software also captures images in 3 modes: 
single frame, continuously scan and selected frames. A MicroConverter 
MCU-AduC812 selects the operations. It is controlled by a host computer via 
RS-232. 

5. Test Results 

The camera's electronics require +I8V, +8V and -15V of power. The 
total power consumption is about 5 W. The frame rate is 2 frames/sec when 
operated in 2KxlK frame transfer mode. The readout noise is 5 ADU and the 
gain is about 4.0 e/ADU when operating at a I MHz pixel rate (see Fig. 2). 
The read out pixel rate can be up to 4 MHz. The full well is more than 260K 
e , in spite of the MPP mode CCD. The charge transfer efficiency (see Fig. 3) 
was derived using the residual signal in the overscan area on variety. The best 
result was obtained at a high light level, i.e. CTE >0.99999, along the 
horizontal direction. The linearity is better than 0.99997 (see Fig. 4). The dark 
current was 0.4 eVsec/pixel at -20 °C. 




« in 4 

Figure 2. Photon transfer cur\e. The X-axis is the CCD output (ADU) and the Y-axis is the 
noise squared. The gain is 4 e /ADU. and the read out noise is about 20 e‘ operating 
at a 1 MHz pixel rate. 
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Figure 3. Charge Transfer Efficiency (CTE) characterislics. The X-axis is ihe CCD output 
(ADU) and the Y-axis is the charge transfer efficiency. At the lowest level of the 
CCD output the CTE is about 0.999978. When the CCD output is more than 30000 
ADU the CTE reaches 0.999998. 




Figure 4. Linearity Characteristics. The X-axis is the integration time (ms) and the Y-axis is the 
CCD output (ADU). The linearity is better than 0.99997. The CCD output at 65000 
ADU shows good linearity and gives the full well more than 260 K e' when the read 
out speed is 1 Mhz pixel rate. 




Section IV: 
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PRE-AMPLIFIER FOR THE ROCKWELL 
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Abstract: In order to reduce electronic noise to a minimum, it is desirable to include 

gain early in the electronic chain. A cryogenic pre-amplification stage situated 
on the fanout board provides this as well as reducing external electronic 
complexity. This paper presents the results of cryogenic tests on pre-amplifier 
components to he used on HAWAII and 1 1 AW All-1 1 fanout boards. The 
OPAxIS4 and AD85I X are both good candidates for low noise, high speed 
1 1 ps/pixel) applications. 



Key words: detector, readout electronics, HAWAII, HAWAII-II, pre-amplifier 



1. Introduction 

In order lo produce an astronomical instrument with limited detector 
noise, it is necessary to keep electronic noise to a minimum. A cryogenic 
pre-amplification stage offers significant performance advantages due to the 
reduced effect of noise pick-up on the sensitive output connections. It also 
allows the simplification of the electronics outside the cryostat, which is 
becoming more relevant with the ever increasing size of detectors and 
mosaics. 

At the Laboraloire d'Astrophysique Experimentale, two separate 
cryogenic fanout boards are under design for two infrared instruments; one 
for TRIDENT (TRIple Imager for Detecting Earth Near T-dwarfs), a high- 
speed camera capable of near-simultaneous readout in three wavelength 
bands; and one for CPAPIR (Camera PAnoramic Proehe Infra-Rouge), a 
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panoramic camera to be used to search for brown dwarfs. TRIDENT 
currently uses a HAWAII detector array with a warm pre-amplification 
stage. CPAPIR is under construction and will use the HAWAII-II detector in 
the eight outputs per quadrant mode. 



2. Readout Electronics 

The readout circuit and connections for CPAPIR are shown in Fig. 1. 




Each of the 32 HAWAII-II outputs together with a user-generated BIAS 
signal are the inputs to two operational amplifiers that are configured as the 
front end of an instrumentation amplifier. The difference between these 
signals is amplified by a gain determined by the ratio of the resistors shown 
on the lanout board. 

Two flexible circuit boards, one for analogue and one for digital signals, 
connect between Micro-D connectors on the lanout board and D-type 
hermetic feedthroughs in the cryostat wall. This modular approach reduces 
the complexity of the individual components inside the cryostat allowing 
easier handling, insertion and removal of the connections during any work 
required inside the cryostat. 

Attached to the outside of the cryostat and to the feedthrough connectors, 
circuit boards generate the bias signals required inside the cryostat. Boxes 
are used to shield the boards, which are connected to an SDSU Gen II 
controller. 

The electronics differ slightly in TRIDENT, as the use of a cryogenic 
preamplifier was not originally included in the design. This has resulted in 
only analogue +5 V and ground power supplies being available on the fanout 
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board. This imposes an additional constraint on the component selection for 
the differential amplifier as it must be capable of operating with low voltage 
single supplies. 



3. Operational Amplifier Selection 

The op-amps required for a cryogenic pre-amplifier must have several 
characteristics: ability to operate at cryogenic temperatures, a high slew rate, 
low settling time and low noise. It was already known that the TLC2272 
from Texas Instruments is suitable due to their use by ESO in ISAAC. 
TRIDENT can operate with readout speeds of up I jis/pix but the 
TLC'2272*s small bandwidth and slew rate suggested it might not be able to 
meet this specification. A list of the alternatives found is shown in table 1. 



Table I. Selected characteristics of op-amps under test. 



Name 


BW (MHz) 


Noise 
Density al 

I kHz 
(nV/VHz) 


Slew Rate 
(V/ps) 


Settling Time 
to 0.1% (ns) 


Power Supply 


TLC2272 


1 


9 


3.6 


2600 


Bolh 


AD8512 


7.5 


8 


20 


1000 


Dual 


OPA2134 


8 


8 


20 


700 


Dual 


OPA2228 


8 


3 


2.3 


5000 


Dual 


AD8062 


300 


11 


800 


35 


Single 


OPA2353 


44 


10 


22 


220 


Single 



The amplifiers were first placed on small circuit boards to sec if they 
could still perform as specified at 77 K as well as withstand repeated thermal 
cycles. If the results were satisfactory they were to be tested on a TRIDENT 
fanout board to allow an accurate comparison of the system gain and the 
noise of each op-amp. The amplifier showing the best results would then be 
used in C'PAPIR. 

All the amplifiers have been tested at 77 K and showed no adverse affect 
due to the low temperatures. The results obtained suggested that all the 
alternatives found offered better performance than the TLC2272, with the 
AD85I2 showing the fastest response. It was also confirmed to us that the 
response of the TLC’2272 at high frequencies was too slow, and thus, it is of 
little use at the speeds required by TRIDENT. 

TRIDENT was tested using the TLC2272 on the lanout board and an 
engineering-grade HAWAII detector was read at a speed of 10 ps/pix. The 
results showed very low noise of less than 10 e and demonstrated that the 
system had limited detector noise. 
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4. Conclusion 

The inclusion of the pre-amplifier in TRIDENT has greatly reduced 
system noise to less than 10 e‘. The component testing is currently ongoing, 
but has shown a need to replace the TLC2272 due to its poor high frequency 
performance. The AD8512 has provided the best initial results, but remains 
to be tested in a complete system. 




Crouching nerd hidden crowd. 

Jenda Johnson . the geologist who accompanied us to visit the Volcanoes National Park, is 
talking to a hidden crowd (left out in this photo). She is unaware of the dangerous crouching 
nerd behind her. Fernando Pedichini (left) urges Jim Beletic to jump. 





THE NEW GENERATION CCD 
CONTROLLER: FIRST RESULTS 
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Bruno 1 , Fabio Bortoletto 5 , Maurizio D* Alessandro', Daniela Fantincl 3 , 
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■ Elettromare La Spezia 



Abstract: The new generation CCD controller, developed by the Italian Detector 

Working Group (DWG), is an improvement on the CCD controller in use 
at TNG. A new interface with the host computer, based on a high-speed 
link and PCI board, able to sustain high data transfer rate has been 
designed and built. The sequencer has been mollified in order to improve 
high-speed clocks and different reading modes. A new analogue board 
based on a fast ADC s and new signal processing has been designed. The 
board is able to process four channels simultaneously allowing high 
acquisition rates. Preliminary tests demonstrating the unproved 
performances of the controller are shown. 



Key words: 



Charge-Coupled Device (CCD). CCD controller 



1 . CCD Controller Improvements 

The new generation CCD controller is an improvement on the 
controller in use at TNG and at local Italian telescopes. The same 
philosophy in conjunction with technological improvements guarantees 
an increase in performance and a full compatibility with the previous 
version. Changes involved the host interface, the communication link. 
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the sequencer, the bias generator, the clock generator, the preamplifier 
and the signal processing. In Table 1 the main differences between the 
two controllers are listed. 

The main differences consist of changes in the architecture of the 
system. Basically the system can be divided in two parts: close to the 
control computer (local), and close to the detector (remote). In the new 
CCD controller the preamplifier is integrated into the analogue board 
mounted close to the detector, and the sequence generation is located in 
the host computer, far from the detector. This is possible due to the 
capability of the high speed links to serialize and de-serialize the 
sequence with a resolution of 50 ns. 



Table I. Main differences between the two controllers 



CCDC MODEL 


TNG CCDC-I 1994 


TNG CCDC-I 1 2000 


SEQUENCER 


DSP 56001 RESOL.: 100 ns 


DSP 56301 RESOL.: 50 ns 


DATA LINK 


FIBER TRANSPUTER 


FIBER GIGALINK 




LINK 20 MBaud 


1.2 GBaud 


CLOCK 


LOCAL 


HOST 


DATA HANDLING 


TRANSPUTER 


HOST PROCESSOR 


CHANNELS ( 16 bit ADC) 4x2 boards 


4x8 boards 


ADC speed 


10 ps 


2 M s 


PIXEL PROCESSING 


CORRELATED DUAL 


CORRELATED DUAL 




SLOPE 


SAMPLING 


PROGRAMMABLE 


8( 14 bit DAC)x2 boards 


SINGLE SAMPLING 
16(14 bit DAC)x8 boards 


BIASES 

PROGRAMMABLE 


8(8 bit DAC)x2 boards 


8*8*8(10 bit DAC) 


CLOCKS 
ADJ. OFF-SET 


ONLY OUT-OFF/SET 


IN and OUT OFF.'SET 


PROGRAMABLE GAIN 


NO 


15,75, 150 


PROGRAMABLE FILTER NO 


NONE, 234 KHz, 3.4 MHz 


AMPLIFIER NOISE 


4.5 pV (OPA627 @ 1 MHz) 


1+2 jiV (THS406I @ 1 MHz) 


READOUT TIME 


17 fis’pix 


2.7 Ms.'pix 



1.1 Host interface and communication link 

The new host interface is a PCI based board, equipped with a full- 
duplex optical link, operating at 1.2 GBauds. It allows data and telemetry 
communication (remote to local), and commands and clocks sending 
(local to remote). Communication with high-level languages is 
guaranteed by low level drivers (Windows NT, 2000 and XP) and a DLL 

The architecture evolution of the new CCD controller with respect to 
the old version is shown in Fig. 1. Thanks to the high-speed link the 
phases are generated in the host computer and are rebuilt by the 
sequencer. All the TTL control signals are generated on the PCI board 
(far from the CCD head), while the analogue circuits are next to the CCD 
head. This guarantees a high performance in terms of noise immunity. 
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Figure 1. Block diagram of the two CCD controller. 



1.2 Sequencer 

The sequencer board mounts a MOTOROLA DSP 56301 and allows 
a minimum tick of 50 ns (in the previous controller it was 100 ns). This 
solution guarantees a full compatibility with already developed software 
for sequence generation (Waveform Editor). Moreover, the clock levels 
are generated in this board (in the previous version they were generated 
in the analogue board). This minimizes a possible cause of cross talk. 

1.3 Analogue board 

The analogue board consists of three main parts: the preamplifier, the 
correlated dual sampler and the bias generator. The preamplifier (see Fig. 
2) is based on the low' noise operational Amplifier TIIS4061. This 
configuration allows 4 gain selections (G-SEL), band pass filter selection 
(B-SEL) and input offset programmability. The Signal Processing (see 
Fig. 3) is carried out by using the Correlated Double Sampling (CDS) 
technique (single sampling is also allowed). The output offset can be 
adjusted through the 14-bit D/A Converter (AD7834) and the A/D 
Converter is the LTC1608 that has 16 bits of resolution and a conversion 
time of 2 ps. 

In summary, the analogue board allows: four selectable input gains 
and four selectable bandwidths to w'ork at different readout speeds, and 
the possibility to program the offsets before and after the CDS stage, to 
adapt the signal to the A/D converter and the choice of different 
references for the dummy input. The bias generator allows 16 
programmable bias voltages with different ranges, which are divided in 
four groups. The voltage ranges are: from 15 to 30 V, from 5 to 15 V, 
from -5 to 5 V, and from -10 to 10 V. 
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Figure 3. Signal Processing (one channel). 



2. Results 

The new generation CCD controller lives up to expectations. The data 
acquisition rate is increased, the reliability is high and the readout noise 
is acceptable. The typical readout noise at different gain is showed in 
Table 2. 

Table 2. Readout noise at different gains. 



GAIN 


NOISE (DN) 


NOISE (e-> for sens. 3 mW e' 


20 


3 


4.45 e'nns 


75 


4 


1 .36 e'nns 


150 


4.5 


0.76 e'nns 




ISPI SOFTWARE 

An Infrared Application of the Are VIE W System 



Marco Bonati 1 and Michael Ashe' 

'Caltech-CTIO. : SOAR-Imaginalics 



Abstract: The Infrared SidePort Imager ( ISPI ) being used on Cerro Tololo's 4-m 

telescope . uses Labview-based software, known as ArcView. to control the 
detector, acquire images, and interface to the Telescope Control System and 
instrument. The software architecture described is also being applied to 
Cornell’s IVidefield InfaRed Camera (IVIRC) on the Hale 200" on Palomar 
Mountain, and optical imager on the SOAR telescope (Cerro Pachon). In 
order to achieve maximum flexibility and functionality, decided to 
implement the software as a collection of independent modules. These modules 
can be classified as: modules for specific hardware (or transmission media), 
modules specific to a logic process, and completely generic modules. As we 
have the ability to load and unload any of these modules dynamically from 
memory, we have great flexibility, with the advantage that controlling new 
hardware, or adding new preprocessing methods does not imply increasing 
the complexity of the system, or ewn recompiling it. Instead, one just builds a 
new module with very specific and well-determined functionality. The generic 
modules serve any type of detector system: current examples are ISPI and the 
SOAR Optical Imager (a CCD mosaic). 

Key words: infrared imaging, instrument software, detector software. ArcVIEW 



1. ABOUT ARCVIEW 

ArcVIEW is a Labview-based control system designed for use as a 
general-purpose controller software. It consists of a Server which receives 
commands through the network, and external clients which connect to it, 
requesting tasks/actions to be performed (see Fig. I ). 

The mechanism for performing the required actions is based on the 
"modularity" concept; the Server calls (loads dynamically) a specific module 
for performing some specific type of actions, passing the command received 
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to it. This module is a "standalone" piece of software which knows what to 
do with the received command; it will perform what is requested and will 
return a response through the Server. 

The scope of the commands depends completely on the client which 
connects and the module which perform the action; this means that 
Arc VIEW can be used in a wide range of areas (detector data and command 
handling, mechanisms, TCS communications, etc.), depending on the type of 
modules which are available to the Server. 

The modular architecture allows a very “easy growing" of the capabilities 
without increasing the complexity of the system; new features will imply 
only to write well-defined and specific modules for adding such capabilities, 
without affecting the rest of the system. 




Figure I : ArcVlEW Architeclurc. 



2. Specific ISPI Software Architecture 

Goals: Detector controlling (data and commands), TCS and Filter wheel 
control, scripting capabilities. 

Since this is an application of ArcVlEW, it's an intrinsically modular 
system. We created a series of specific modules in order to perform the 
required goals, separating these modules into three basic types: 

• / / ardnare-dependen l ; Correspond to those modules which depend 

exclusively on the hardware being controlled. These are similar to a 
modular driver on a UNIX system (driver for a specific card). 
Included in these categories are: SDSU-U (performs all the actions 
related to the actual detector controller), TCSBLANC'O 
(communication wdth the Telescope Control System in the 4-m 
Blanco telescope), FILTERISPI (controls the ISPI Filter wheel, 
consistent with two serial line motors). 
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• (ieneral-purpose (independent ) : The modules which perform 
generic functions that will be always done in the same way, 
independently of the rest of the system. We identified and isolated 
such functions (that may be performed in any acquisition system): 
FITS (write images to disk and/or memory from a memory buffer), 
UNSCRAMBLE (takes an image from a buffer and, according to 
some directives, unscrambles it and writes it to another buffer), 
BUFFERMGR (acquiring buffers), RI D (Real Time Display: takes 
data from a memory buffer and displays it on some image displayer 
such as Ximtool, DS9 or SAO image). 

• Process-dependent. Correspond to those modules that depend 
exclusively on the logic of the process to be performed. These 
modules are the ones which handle the flow of the information for a 
determined process; they are the "brain of the process." For example, 
a Correlated Double Sampling (CDS) module may ask the controller 
module to take two frames, then subtract those frames in memory, 
send the result to the Unscrambler, and then finally ask the FITS 
Writer module to format the resultant image. Depending on the 
complexity of the process, these modules can be quite simple or 
fairly complex, but they should be always limited to some very 
specific and well-delimited process. Modules done on this category: 
CDS (performs a Double Correlated Sample), FOWLER (coadds N- 
images that were K-times Fowler sampled). 

Note that the above classification is completely generic, and it is useful 
for any type of process (including optical and 1R processing). Figure 2 shows 
the ISPI architecture. 

About the scripting, we are able to accept commands generated by any 
external client. This implies that any scripting/language that is able to open a 
socket or write to a file can handle the complete system (C'L, Csh, TCL, 
Python, etc.). Currently there are in use many scripts for communicating 
with the filter wheels or TCS, for taking images, etc. Most of these scripts 
are written using C’L (Iraf) or Csh. 

3. Other Applications 

All the software described above is being or will be used at least in 
another two applications: 

SOAR imager (Cerro Puclwn): This is an optical application. The 
system is exactly the same, however, different modules are involved (TCS, 
filter wheel). The process-dependent module here is specific for an optical 
application. It also uses an SDSU-II controller. 




430 



Marco Bonaii and Michael Ashe 




Hardwa 



modul 



Client 






t 


*» 


Image writer 


* 


Configuration 


t 


system , 


variafctes . 


unsc ramnlB 


com 


(database) 


* 


♦ 


U 


RID 


> dependent 




Butter mgr 



Generic 

modules 



* Logic mod | — 
Process-dependent 
module 



Figure 2: ISPI architecture. 



• Wide Held Infrared Camera - It IRC- (Palomar Mountain): 

This is an infrared application, too. Almost all the modules are the 
same, except the hardware-dependent one for the TCS and filter 
wheel. It also uses an SDSU-1I controller. 
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COMPACT CCD GUIDER CAMERA FOR 
MAGELLAN 



Greg Burley, Ian Thompson and Charlie Hull 

Observatories of the Carnegie Institution of Washington (OCIW) 



Abstract: The Magellan guider camera uses a low-noise frame transfer CCD with a 

digital signal processor based controller. The electronics feature a compact, 
simple design, optimized for fast settling times and rapid readout rate. The 
camera operates (nominally) at -20 "C with thermoelectric cooling. Multiple 
operating modes are supported, with software selectable binning, exposure 
limes, and subrastering. 



Key words: guider camera 



1. Introduction 

The design objective for the Magellan guider camera was to build simple, 
low-power hardware with enough flexibility to operate in full-frame imaging 
mode, subrastered guiding mode, and Shack- Hartmann wavefront sensing 
mode. 



2. THE CCD 

The guider camera uses a Marconi CCD47-20 1 Kx 1 K* 1 3 pm pixel, low- 
noise, back-illuminated, frame transfer CCD with a Digital Signal Processor 
(DSP) based CCD controller. For reduced complexity, most of the digital 
logic functions are concentrated in the DSP and its internal peripherals, and a 
programmable logic chip (L-PLD). A block diagram of the CCD camera is 
shown in Fig. I. Table 1 shows the detector and readout specifications. 
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Table I. Detector and readout specifications. 



Property 


Value 


Units 


Image size 


1024*1024 


Pixels 


Pixel size 


13 


pm 


Read noise 


5 


e' (slow scan) 


Readout rate (slow) 


5.0 


jis/pix 


Readout rate ( fast) 


2.5 


jis/pix 


Dark current (-20 'C) 


2 


e'/pix/sec 


Frame rate (binned 4*4) 


4 


fps 


Subraster rate (32*32 pixels) 


40 






3. The Controller 

The CCD controller for the guider camera has a number of interesting 
properties. It features a programmable DSP56303 digital signal processor, 
which allows for software control of image size, subraster, binning, clock 
voltages, dual-slope signal processing, and exposure times. The circuit 
designs use simple op-amps and analog switch components for the clock 
driver and signal processing circuits [1]. The preamplifier [2] and signal 
processing circuits are optimized for fast settling times (less than 100 ns) to 
maximize the pixel readout rate. The design has dual signal processing 
channels with 14 bit, 1.2 ps conversion time analog-to-digital converters. 
Clock and bias voltages are set by Digital-to-Analog Converters (DAC). The 
controller features temperature monitoring of the CCD, and digital control of 
Thermo-Electric (TE) cooler current. The on-board DC-DC converters (with 
heavily filtered outputs) generate +3.3 V, ±5 V, ±12 V and +28 V from the 
48 V DC input. Table 2 shows the estimated power of the system. 



Table 2. Power estimate. 



Circuit block 


Value [W1 


Digital electronics 


1.05 


Clock drivers 


1.60 


Signal processing 


2.50 


Preamplifiers 


0.35 


TE cooler 


6.50 


TOTAL 


12.0 



In operation, the CCD system is controlled by commands and program 
code sent over the data link. The DSP is fast enough to directly generate the 
sequences used for the CCD parallel and serial transfers from on-chip 
memory (3], and write them to the sequence register. Each bit controls one 
of the CCD clock lines, with a clock driver that translates to CC’D-level 
voltages. The DSP controls the dual-slope integrators and Analog-to-Digital 
Conversion (ADC), extracts the signal pixel-by-pixel and multiplexes the 
digitized data onto an RS-485 serial link at 20 Mbps for up to 100 m. Each 
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of the ADCs, DACs, sequence register, and data link peripherals are 
memory mapped in the DSP to simplify the software design. 

The basic sequence patterns programmed into the DSP memory (serial 
shift, parallel shift, read pixel, flush pixel) are combined to read out the 
array. With the appropriate sequences the CCD can be read out through one 
or both output amplifiers. 

Physically, the guidcr camera consists of six circuit boards (DSP timing 
generator, signal processing, clock driver, power supply, backplane, and 
CCD header boards), and occupies a volume of less than 3.75*3.5*6.0 in 
An additional PCI interface board is used in the host computer. 

The CCD is enclosed in a sealed, dry gas filled housing with an off-the- 
shelf two-stage Thermo-Electric (TE) cooler. The CCD temperature is 
monitored with an off-chip sensor (AD590) mounted inside the housing. An 
adjustable current source provides up to 3 A to the TE cooler, which is rated 
for AT = 83 °C under ideal no-load conditions. In practice, a AT = 40 °C is 
achievable with a TE current of about 2 A. 

A liquid-cooled heat sink removed heat from the TE cooler hot side. 
Even at low flow' rates (a few It/min), the entire CCD housing can be rapidly 
chilled to the fluid temperature (nominally 10 °C at the telescope). The TE 
drive transistor is mounted on the heatsink as well, to prevent it overheating. 



4. Conclusion 

OC’IW has open-sourced the design information for the guider camera, 
which is available at www.ociw.edu/-burley/ccd/guider.html. The on-line 
information contains a complete design description, including all schematics, 
peb layouts, EPLD code, dsp source code, C subroutine library, and test 
results. 

The guider cameras are in regular use on the two Magellan 6.5-m 
telescopes at Las C'ompanas Observatory. 
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READOUT TECHNIQUES FOR DRIFT AND 
LOW FREQUENCY NOISE REJECTION IN 
INFRARED ARRAYS 
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Abstract: Three different methods are presented to subtract thermal drifts and low- 

frequency noise front the signal of infrared array. The first is dead pixels with 
open Indium bumps, the second is reference output as implemented on the 
I la wail 2 multiplexer, and the third is dark pixels to emulate reference cells 
having a capacity c onnec ted to the gate of the unit cell field-effect transistor 
(FET). The third method is the most effective and yields a reduction in readout 
noise from 15.4-9.4 ernts. .4 novel method will be described to extend this 
readout technique to the Aladdin IKxlK InSb array. 

Key words: infrared detector, readout techniques. IlgCdTe. InSb. reference cell . noise 



1. Introduction 

Contrary to CCDs, the video output of infrared arrays is DC coupled. The 
time interval between the two samples of a double correlated clamp may be 
several thousand seconds instead of microseconds typical for CCDs. Due to 
these long exposures, 1 R arrays arc extremely susceptible to drifts and low- 
frequency noise pickup down to the MHz regime. 

In an ongoing effort to reduce noise pickup and thermal drifts of the video 
signal of 1R arrays we have tried different readout schemes. The best 
configuration tested thus far is a symmetrical amplifier located as close as 
possible to the detector as shown in Fig. 1. It consists of two linear CMOS 
operational amplifiers and is cooled to cryogenic temperatures as it is placed 
on the detector board next to the detector [1]. It constitutes the front part of a 
differential signal chain. The amplifier requires two input signals and 
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generates two antisymmetric output signals: Signalout+ and Signalout- for 
the differential input of the ADC located at a distance of a few meters 
outside the instrument. One input is reserved for the video signal and the 
second input is a reference which has two functions. First, it is used to shift 
the DC offset of the outputs. Second, the reference helps to cancel thermal 
drifts and low-frequency noise pickup, since only the difference between 
reference and video input contributes to a signal change. The topic of this 
paper is the discussion of different options for the reference input to achieve 
this goal in an optimum way. 







Figure i. Cryogenic preamplifiers, (left) Schematics of symmetric amplifier with video and 
reference input, (right) Backside of detector board for Rockwell Mawaii2 2Kx2K 
HgCdTe array with 36 preamplifiers. 32 for video outputs and 4 for reference 
outputs. The cold finger is above the amplifiers and cools the detector via the 
central pins of the PGA package. 



2. Dead Pixels as Reference 

A standard technique to reduce the readout noise of deep exposures with 
long integration times is to apply multiple nondestructive readouts. This 
technique is affected by the thermal drifts of the detector, as can be seen in 
the plot of Fig. 2. This shows the nondestructive readouts of the integration 
ramp of a dark exposure taken with an engineering grade Aladdin lKxlK 
InSb array. The raw signal is represented by triangles and exhibits an 
irregular time evolution reflecting thermal drifts. The cosmetics of the 
engineering grade array, shown by the flat field on the right side of Fig. 2, is 
degraded and has cracks and dead pixels in the upper right comer. T hese are 
unit cells containing open Indium bumps. The gate of the unit cell source 
follower is not connected to the infrared diode, but is floating. However, it 
can be used as a reference to monitor the thermal drifts. The signal of dead 
pixels is represented by diamonds in Fig. 2, and closely follows the irregular 
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pattern of the video signal. For the Aladdin array, the temperature drift of the 
DC level of the video signal was measured at 1 700 eVK at a temperature of 
27 K. Subtracting the dead pixel signal from the video signal results in a 
compensated video signal, which is represented by squares. For 
demonstrative purposes, the measurement in Fig. 2 has been carried out 
without active temperature stabilization. It yields a dark current of 
2.7 10 : e/scc. Of course, temperature stabilization is the best way to 
eliminate drifts. However, even with an active detector temperature control 
loop, extremely low dark currents are masked by thermal drifts. Stabilizing 
the detector temperature was necessary to apply this monitoring technique to 
measure the dark current of 4 10 ’ e'/scc. This is the lowest value reported 
for InSb [1]. 



DASKCUPPENT ALIRDD5 fdel - 28.5 « 





Figure 2. ( top ) Integration ramp of dark exposure with multiple nondestructive readouts. 

Triangles denote raw detector output. Diamonds denote dead pixel output. Squares 
denote compensated detector signal by subtracting the signal of dead pixels from 
detector signal, (bottom) Cosmetics of Aladdin IKxlK InSb engineering grade 
array. Dead pixels for monitoring thermal drift are taken in upper right comer. 
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3. Hawaii 2 Multiplexer Reference 

The first infrared array providing an on-chip reference cell is the Hawaii2 
2Kx2K HgCdTe array from Rockwell. Unfortunately, the reference output is 
implemented as an additional output for each quadrant and requires four 
channels in addition to the 32 channels for the video signal if the subtraction 
is to be done in the real-time processor of the data acquisition system. The 
reference output is activated as the 129 lh pixel at the end of each row, which 
is comprised of 128 pixels if 32 outputs arc used. Since the reference output 
is not available while the detector pixels are being read, a cryogenic clamp is 
needed on the detector board. First, the multiplexer must be clocked to the 
reference pixel. Then the reference output is clamped and fed as reference 
input into the symmetric preamplifier while the same row is clocked again to 
read the detector pixels. On our detector board we have implemented four 
additional channels for digitizing the reference output as well as a cryogenic 
clamp to make an analog subtraction of the reference. 

The temperature dependence of the video signal and the reference outputs 
of the Hawaii2 array are shown in Fig. 3. The rate at which the DC level of 
the video and reference output drifts is 327 e'/K and 338 e'/K, respectively. 
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Figure 3. Temperature drill of Hawaii? array. Triangles denote video signal shift 327 e'/K. 
Diamonds denote reference signal shift 338 e'/K. 

Hence, the reference output is well suited to track the temperature drifts 
of the video signal as demonstrated by the 46-hour integration shown in Fig. 
4. This shows the deviation of the uncorrected (squares) and the corrected 
(triangles) nondestructive readouts from a least squares fit to the measured 
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integration ramp of the detector signal. The standard deviation of the 
uncorreeted readouts is 9.0 e mis. The standard deviation of the readouts 
from which the reference output has been subtracted is 4. 1 c' rms. 

The reference output on the Hawaii 2 multiplexer docs not work in the 
unbuffered mode, which bypasses the second stage on-chip source follower 
having the current source of the internal bus switched off. This is the 
standard way we operate the Hawaii2 array. The gate of the Hawaii2 
reference output source follower is tied to V reM .,. If the internal current source 
is switched on by changing the bias power from 5 V to 3.4 V the reference 
output follows V re%c , even if the second stage source follower is still bypassed 
(Vdrain = 5 V). However, good thermal monitoring of drifts is only achieved 
in the buffered mode (Va„ m = 0 V). First measurements of thermal drills did 
not take this fact into account and w-ere misleading. 

Ccviatio' f'orr Lccst Sc_orc3 Fi* 




Figure 4. Deviation of uncorreeted (squares) and corrected (triangles) nondestructive readouts 
from least squares fit to measured integration ramp. Standard deviation uncorrected: 
9.0 ertns. Standard deviation corrected with Hawaii 2 reference output: 4.1 enns. 



The efficiency of the reference output to suppress low-frequency noise 
and pickup has also been investigated. The difference of tw ( o subsequent 5 
sec dark exposures is shown in Fig. 5. The left image is the raw, unsubtracted 
difference and show's some low-frequency stripes. The high-frequency 
stripes are due to 50 Hz pickup. The different orientation of the stripes in the 
four different quadrants is due to the readout topology of the multiplexer. 
The stripes are parallel to the direction of the fast shift register. The 
histogram of the readout noise is shown by the dotted line in Fig. 6. The 
mean readout noise is 19.4 e rms. This is partly increased by quantization 




440 



Gen Finger, el al. 



noise of the ADC since the conversion factor had to be increased from 3.7 c 
. ADU to 9.7 e/ADU to cope with the higher DC level when switching from 
unbuffered to buffered mode of operation. 

The difference image in the middle of Fig. 5 has been corrected with the 
reference output. The intensity of the stripes is slightly reduced and the 
histogram of the readout noise is shown by the dash dotted line in Fig. 6. The 
mean noise is 16.7 erms. The time to read out a row of 128 pixels is t % =586 
ps. The squared transfer function of a double correlated clamp is 
2-2cos(2 pnftj. For a pickup frequency of 50 Hz, the sampling interval t* 
between reading the pixel and reading the reference will be 586 ps in the 
worst case with the transfer function being 0.185, which is the suppression 
factor for 50 Hz pickup [2], 




Figure 5. Di (Terence images of double correlated clamps corrected with the reference output 
of a Hawaii 2 multiplexer, /left) Uncoirected. f middle) Corrected with single- 
readout of reference output after reading row. (right) Corrected with two readouts 
of reference output before and after reading row using linear interpolation. 

To explore the possibilities to further reduce t, the reference output w'as 
read out twice, once by clocking to the end of the row' and reading the 
reference before reading the row and a second time after reading the row. 
The reference is sampled 16 times and the average is taken to minimize the 
noise increase induced by the subtraction. For each pixel the reference signal 
is linearly interpolated from the two readings of the reference output. The 
result is shown in the right image of Fig. 5 and in the noise histogram 
represented by the solid line in Fig. 6. The mean readout noise is 16.2 erms, 
a marginal improvement. The Hawaii2 reference output only partially 
suppresses low-frequency noise components. 
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Figure 6. Noise histogram of a double correlated clamp corrected with the reference output of 
a Hawaii 2 multiplexer, t dotted line) Uncorrected, mean noise 19.4 e' rms. (dash 
dotted Hite) Corrected with single readout of reference output after reading row. 
mean noise 16.7 c rms. (solid line ) Corrected with two readouts of reference. 



4. Dark Pixels as Reference 

Since tying the gate of an on-ehip reference's source follower to a fixed 
voltage is insufficient at reducing drift and noise, we tried to use reference 
eells with gates connected to a capacity. We chose this method because it 
should closely parallel the effects on actual pixel. As such a reference is not 
available on the Hawaii2 multiplexer, dark pixels have been used instead. 
They are located in the lower left quadrant on the left edge and are shaded in 
the left image of Fig. 7. The pixels on the left edge of channel 1 are used to 
correct the complete array. The noise histogram of the uneorrccted image is 
shown by the dotted line in Fig. 8. The mean noise is 15.4 e rms. 
Subtraction of dark pixels, as shown by the middle image in Fig. 7 and the 
dash dotted line in Fig. 8, is very effective in removing low-frequency noise 
components, reducing the read noise to 10.4 c rms. Linear interpolation of 
two readings of the dark pixels before and after reading the row further 
improves the removal of pickup components and yields almost perfect 
images. The mean readout noise is reduced to 9.4 e rms, as displayed by the 
solid line in Fig. 8. Most of the low-frequency noise sources V, are 
capaeitivcly coupled into the integrating node capacity C, which is assumed 
to be large in comparison to the coupling capacities C,. In this case the 
coupling constant of noise source V, is C/C„ and the capacity connected to 
the gate of the reference cell field-effect transistor (FET) should be equal to 
C for the best noise rejection. 
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Figure 7. Difference images of double-correlated clamps corrected with dark pixels indicated 
by the shaded area in the lower left quadrant of the left image which is uncorrectcd. 
(middle) Corrected with single readout of dark pixels, (right) Corrected with two 
readouts of dark pixels before and after reading row using linear interpolation. 
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Figure 8. Noise histogram of double correlated clamp corrected with reference output of 
Hawaii 2 multiplexer, (dotted line) Uncorrectcd. mean noise 15.4 e' mis. (dash 
dotted tine) Corrected with single readout of reference output after reading row, 
riK*an noise 10.4 c' ims. (solid line) Corrected with two readouts of reference 
output before and after reading row using linear interpolation, mean noise 9.4 e‘ 
rms. 



5. Column Clamp of Aladdin Multiplexer as 
Reference 

Taking into consideration the attractive features of reference cells not 
only to monitor thermal drifts but also to remove all noise pickup 
components and get clean and low-noise images, we searched for ways to 
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implement an on-chip reference for the CRIRES mosaic foeal plane, which 
consists of four Aladdin IKxlK InSb arrays. The column clamp circuit of 
this array seems to be well matched to function as a reference cell [3]. Its 
geometry and layout is identical to the unit cell source follower connected to 
the detector pixel. If VddCI is tied to VddUc and VggCI to VdetCom the 
clamp circuit emulates a saturated pixel during row transitions when the row 
enable switch disconnects all unit cells from the column bus (see Fig. 9). We 
have both simulated and measured that gain is not affected by keeping Vggcl 
at Vdetcom during readout of the detector pixels. The effectiveness in 
suppressing noise by utilizing the clamp FET as a reference cell still remains 
to be tested with the Aladdin array. It is planned to evaluate this technique 
by both connecting Vdetcom to the clamp gate and by connecting a capacity 
to the gate reset together with detector pixels, but left floating while reading 
out the array and the reference. 



•vaaiK 




Figure 9. Column clamp circuit used as reference cell by replacing VddCI with VddUc and 
VggCI by VdetCom. Reference is sampled during row transitions when row enable 
switch is open. 



6. Conclusion 

Reference cells are indispensable in the elimination of thermal drifts 
during long integrations and in obtaining images untainted by low'-frequency 
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noise pickup on IR arrays. Dead pixels not hybridized to the unit cell can be 
used to eliminate thermal drifts. The reference cell of the Hawaii2 
multiplexer reduces thermal drifts but does not reject low-frequency pickup 
very well. Dark pixels have been used to demonstrate that connecting a 
capacity to the gate of a reference FET achieves clean images free of noise 
pickup. By employing this technique, the readout noise of a double- 
correlated clamp on a Hawaii2 array could be reduced from 15.4 erms to 9.4 
erms. In next-generation multiplexers, such as the Hawaii-2RCi, reference 
cells will be implemented with capacities. A method to use the clamp circuit 
of the Aladdin lKxlK InSb array as reference pixel is under development. 
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AZCAM: A WINDOWS-BASED CCD/CMOS 
CLIENT/SERVER DATA ACQUISITION 
SYSTEM 
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Abstract: AzCam is a software package developed to utilize a common architecture for 

the characterization of CCD and CMOS imagers in both laboratory and 
astronomical observaton 1 environments. It follows a standard client/server 
mode I in which the server runs on a PC under the Microsoft Windows 
operating system to allow easy integration with the many CMOS imager 
cameras. 

Key words: Charge-Coupled Device (CCD). Complementary Metal-Oxide Semiconductor 

(CMOS) imagers, software, computer, data acquisition 



1. Introduction 

AzCam is a software package and data acquisition architecture developed 
at the University of Arizona Imaging Technology Laboratory (ITL) as an 
interface to image acquisition hardware. It has been developed primarily to 
create a common user interface and software toolset for both CCD and 
CMOS cameras. The Windows operating system was chosen because most 
CMOS imager hardware uses proprietary drivers that are not available under 
Linux or Solaris. AzCam follows a standard client/server model, allow ing 
hardware running on the server machine to be completely isolated from user 
clients. This enables the development of common clients which are reusable 
among different imaging systems, as w'ell as easy debugging since all 
commands are simple strings passed over sockets. 
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The structure of AzCam is based on levels, each with independent code. 
These levels consist of a generic server , system-dependent libraries, and 
hardware-dependent drivers. User clients are located on either remote or 
local machines and provide the user interface. These software components 
are described below. 



2. Server 

The server handles only high level tasks such as network communication, 
security, and command parsing. Dynamic Link Libraries (DLLs) at the 
library' and driver levels contain all hardware-dependent code and camera- 
specific commands. 

AzCamServer is a Windows executable program (written in C) which 
handles these server functions. It is executed before any other AzCam 
operations (usually at boot-up of the server PC). At startup the program 
opens a socket port and waits for incoming client connections. It has the 
option of opening one or more interface cards. The server waits on all 
connected client sockets for incoming commands. After client commands are 
executed (by calling a library interface function) a status value is returned in 
the formal “OK message” or “ERROR message” w here “message" is data, 
an error message, or is not used. 

3. Libraries/Drivers 

AzCam has been used with Astronomical Research Cameras, Inc., 
Cieneration 2 CCD controllers and CMOS cameras from Rockwell and Epix. 
An SDSU Generation 1 controller interface is under development as an 
upgrade for older Steward Observatory systems now using VME interfaces. 
Each of these systems has a library associated with it. These libraries contain 
functions which are specific to each camera. Each library has a single 
interface function which parses client commands from strings into numerics 
as needed and calls the appropriate functions. These may be internal C 
functions or external functions from proprietary vendor-supplied libraries. 
New' commands are added by adding the corresponding parsing function to 
the interface function. As an example, ARCIibrary.dll is a run-time library 
containing C functions which perform the basic operations required to run 
the ARC CCD controller. Typical functions are Reset Controller and 
Start Exposure. Example commands issued by clients for the SDSU/ ARC 
system are shown in Table 1 . 

The library functions call the driver level functions to perform actual 
hardware I/O. Normally written as DLLs, drivers usually contain just a lew' 
calls which open, read/write, and close a device. As an example, the 
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ARCdriver.dll run-time library contains low-level C functions which 
interface directly with the ARC PCI card. 



Table I. Example A/Cam commands issued by clients. 



Command(s) 


Parameters 


Return 


Description 


RunScripl 


Filename 


OK 


Executes a script file containing 
commands 


RcsetCon trailer 




OK 


Resets the camera to a known 
state 


PowerOn. PoweiOff 




OK 


Turns camera power on 'off 


OpenShuiter, 

cioseShutter 




OK 


Opens/closes camera shutter 


Expose 


time filename 


OK 


Takes an image exposure and 
saves it to disk 


GetTemp 




OK CamTemp 
DewTemp 


Reads the current detector and 
dewar temperatures 


DataClicnt 




OK 


Identifies the client as a 
DataClient to receive image data 


CloseConnection 




OK 


Closes the client' socket 
connection to the server 



In order to support many hardware systems as simply as possible, AzCam 
takes advantage of a driver toolkit called WinDrivcr from Jungo, Inc. 
[www.jungo.com]. This toolkit, which is only required when interfacing 
custom hardware for which there are no drivers, simply allows hardware 
driver development under Windows without kernel level programming. 
Because it is source compatible with WinDrivcr versions for Linux, Solaris, 
and other operating systems, the AzCam package is, in fact, not directly tied 
to Windows. We expect to test a Linux version of AzCam in the near future 
for those traveling applications which need a one-computcr acquisition 
system and also require the image processing functions of a Linux 
environment. 

4. Clients 

Clients can be written in any language or platform which supports 
sockets, and are typically graphical user interfaces (GUIs) or command line 
interfaces running on a machine with image processing capabilities. Clients 
have been developed for Steward's "90Primc" SKxSK CCD mosaic, for 
detector characterization at 1TL, for control of telescope guide cameras, and 
as a command line interface in IRAK (Image Reduction and Analysis 
Facility, distributed by the National Optical Astronomy Observatory) for 
powerful scripting capabilities. 

Our main user interface to AzCam is currently a GUI written in National 
Instruments LabVicw called AzCamTool (see Fig. 1). Buttons are used to 
pop up windows which select parameters and allow user input. AzCam Tool 
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has been tested under Windows and Linux, and can be distributed as a stand- 
alone executable which does not require a Lab View installation. It is also 
used at ITL for detector characterization. Waveforms and voltages can be 
downloaded (if supported by the hardware system) and temperature sensors 
and heaters manipulated. Lab View allows quick and simple user interfacing 
for these and other hardware oriented tasks. 




Figure I. Screenshot of AzCamTool. 



The use of standard sockets allows many different programs and 
platforms to interface with the AzC'am server. As an example. Dr. Gary 
Schmidt has written a Tcl/Tk interface for the new Steward Observatory 
guiders. The guiders use 512x1024 back-illuminated, frame transfer CCDs 
in custom TEC dewars (both developed at the UA). The current system uses 
an ARC Gen 2 CCD controller. The camera can be controlled by 
AzCamTool (or other clients) for direct imaging or debugging and by the 
Tcl/Tk GUI when autoguiding. 
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Abstract: 



Key words: 



An overview of FI ERA is presented with emphasis on its recent upgrade to 
PCI. The PC I board hosts two DSPs . one for real time control of the camera 
and another for on-the- fly processing of the incoming video data. In addition, 
the board is able to make DMA transfers, to synchronize to other boards alike, 
to be synchronized by a TIM bus and to control PULPO via RS232. The design 
is based on the ! OP 4 St) chip from PLX. for which in have developed a device 
driver for both Solaris and Linux. One computer is able to host more than one 
hoard and therefore can control an array of FIERI detector electronics. 
PULPO is a multifunctional subsystem widely used at ESO for the 
housekeeping of CCD cryostat heads and for shutter control. The upgrade of 
PULPO is based on an embedded PC running Linux. The upgraded PULPO is 
able to handle 29 temperature sensors, control S heaters and one shutter, read 
out one vacuum sensor and log any combination of parameters. 
Charge-Coupled Devices (CCDs). CCD controllers. DSP. PCI 



1. Introduction 

ESO's Optical Detector Team has developed a new-generation CCD 
controller -FIERA- for the Very Large Telescope (VLT) facility on Cerro 
Paranal and for the observatory at C'crro La Silla, Chile [1], 

FlERA's excellent design, performance and flexibility have been proven 
extensively in more than Fifteen detector systems by mid-2002 [2]. However, 
the rapid evolution of electronic components and computer platforms have 
made it necessary to take prompt action to redesign and upgrade FIERA in 
order to be able to deliver the upcoming systems. 
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The redesigning and upgrading of FIERA's serves to improve the 
performance and availability of new detector systems like GIRAFFE, 
HARPS, and OmegaC’AM. 



2. Motivation for the Upgrade of the Hardware 
ofFIERA 

The core of the upgrade is a change on the platform of the SLCU 
(SPARC Local Control Unit) and is motivated to overcome the 
unavailability of SPARC20s on VME and with S-bus. The SPARCs used up 
until now have become obsolete. Their unavailability prevented us from 
delivering further systems with the current configuration. This situation 
could not have been foreseen when FIERA's design was initiated in 1995. 
The new platform for the SLCU is a UltraSPARC with an universal PCI bus. 

In addition to the change of the SLCU platform, FIERA's upgrade 
consists of a new analog bias board, the upgrade of PULPO, improvements 
to the video board and an increase in the number of channels on the clock 
driver board. 

One of the design requirements on this upgrade is its transparency to the 
user and its backward compatibility. It means that any of the instruments 
already deployed can benefit from this new design in case of an upgrade or 
refurbishment. 



3. FI ERA PCI-Bus Upgrade 

The upgrade involved the design of a PCI board which integrated the 
functionality of the VME I/F board, DSP board, video capture board and 
TIM (Time Interface Module) board along with the PULPO optical 
transceiver and the cables for the interconnection of all the boards. As 
mentioned before, the main motivation to migrate to an SLCU on PCI-bus is 
to overcome the unavailability of SPARCs on VME and with S-bus. 
However, this migration in the platform is also accompanied by the 
following advantages: 

• Shorter CCD read-out time due to higher data transfer rate of the 
PCI-bus. In multiport and fast read-out modes, the performance is 
better by a factor of three. 

• Possibility to control not only a mosaic of CCDs but also a set of 
controllers with only one SPARC (one SLCU will be able to control 
up to six controllers). 

• Significant SLCU cost reduction, by a factor of five. 
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• Much higher physical compactness. Only one board is needed to set 
up the SLCU. This improves reliability. 

• Possibility of faster on-the-fly pixel re-ordering (very important for 
large CCD mosaics). 

• Platform independency. 

• Integrated DMA engine. 

• 32-bit interface to Real l ime Computer (RTC). 

• Synchronization lines for event triggering. 

An increase in versatility is also achieved along with a reduction in 
weight, volume and heat dissipation. 



4. FIERA Bias Board Upgrade 

The number of bias channels was doubled from 16 to 32 per board, 
maintaining the same dimensions of the board. Therefore, this upgrade 
provides: 

• more bias channels to cope with the upcoming systems, especially 
big CCD mosaics such as OmegaCAM, 

• a more compact detector electronics system (by a factor of two) on 
each bias board. 



5. FIERA Video Board 

This upgrade is still in progress and the new video board will feature: 

• a minimum of 8 channels per board, previously: 4. 

• use of inexpensive 16-bit ADCs (cost reduction by a factor of 
40). 

• lower power consumption and heat dissipation. 



6. FIERA Clock Driver Board 

As with the video board, this upgrade is still in progress and will feature: 

• 16 clock lines with +/-14 V swing and 20 MHz, previously: 14 
clocks. 

• half the mechanical size. 

• lower power consumption and heat dissipation. 
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7. PULPO Upgrade 

This upgrade has been carried out in cooperation with Paranal. The 
motivation for the upgrade was to allow for: 

• the control of 8 heater control circuits and the monitoring of 29 
temperature sensing circuits (PT100) on the cryostat head. 

• vacuum monitoring. 

• better alarm signaling to the IWS (Instrument Work Station) in 
case of a cryostat failure, i.e. loss of vacuum or nitrogen. 

• telemetry of the continuous flow cryostat sub-systems. 

• standard software maintenance, since it is based on an embedded 
PC running Linux. 

• optical serial interface to the SLCU. 

• flexible interface to a wide range of shutters. 

• deeper data logging capability. 

• Ethernet connection. 

The new PULPO also features a display to show the data to the user 
locally and an Ethernet connection to check the status remotely. This 
upgrade also satisfies the complex requirements of the OmegaCAM 
1 6Kx 1 6K mosaic camera. 
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Abstract: This paper presents the data acquisition software system used for controlling 

near-infrared cameras/spectrometers designed and built by the Laboratoire 
d'Astrophysique Experimenlale of the Universite de Montreal. These 
instruments are used on the 1.6-m Mont Megantic Observatory and/or the 3.6- 
m Canada-France-Hawaii Telescope (CFIIT). The system features a modified 
DS9 imaging display with custom user interface functions written in Tcl/Tk. It 
includes standard coadd and multi-sample readout modes with pixel rales up 
to I MHz (demonstrated on HA HA II array with a SDSU-II coadder board). Its 
fast readout mode coupled with other efficient data management functions 
yield very high observing efficiencies virtually unlimited by the array 
controller speed. This feature is particularly crucial for applications requiring 
very short exposures on bright objects such as searching faint companions 
close to nearby bright stars. The system also features a unique clocking 
pattern that eliminates the reset anomaly effect of the HA HAH and the 
HAWAH-2 arrays without penalizing observing efficiency, and reduces 
temperature drifts of the arrays. 

Key words: infrared, controller, software, clocking. HAWAII, HAHAII-2 



1. Introduction 

In the last few years, great efforts have been made to find faint 
companions to stars. In the near-infrared, this kind of observation often 
requires very short exposures to avoid saturation by the nearby bright star. 
Short exposures usually imply low efficiency (efficiency being defined as 
the ratio of time elapsed collecting photons divided by the total time for 
acquiring and displaying the image). This paper presents data acquisition 
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software, developed by the Laboratoire d'Astrophysique Experimental of 
the University de Montreal, that can read a HAWAII array [1] in about a 
third of a second with an efficiency of 90% for an exposure time of 15 sec. 
The acquisition system is designed to maximize speed, observing efficiency 
and reliability. 



2. General Design 

The acquisition software is written in C for the Unix/Solaris/Linux 
environment while the display and user interface software is written in 
Tcl/Tk. Its main characteristic is the use of shared memory calls to 
manipulate data. Shared memory has the advantage of being persistent (it is 
not freed at the end of a program) and can be accessed by more than one 
program simultaneously. These features greatly facilitate multi-language, 
multi-tasking software development and maintenance. For maximum 
flexibility, the image is stored in shared memory in FITS format. 

To maximize efficiency, the acquisition software uses the exposure time 
to update parameters and write previous images to disk. In a typical 
acquisition sequence, the Tcl/Tk interface software will tell the C program 
what the user wants. The C program will then launch the acquisition, write 
the previous image to disk, prepare the next header while exposing, and read 
the actual image directly in shared memory space. The display software will 
begin to show the image as soon as the image is in shared memory, before it 
is written to disk. 

The display software is a modified version of SAOIMAGE DS9 [2]. This 
application is written in Tcl/Tk and the source code is public. Since Tcl/Tk is 
essentially an interpreted language, it is possible to add lines of source code 
directly at run time without pre-compilation. In order to display the FITS 
image stored in shared memory space, the LoadFitsShared function from the 
SAOI'k package [3] is used. SAOIMAGE can also be used to transmit 
information to the acquisition software, such as coordinates, by modifying 
header parameters stored in shared memory. Since no compilation is 
necessary, upgrading to new versions of DS9 can be easily done by 
downloading new executables from official site. 



3. Readout Software 

The readout is controlled by a SDSU II controller [4] with an infrared 
coadder board. The coadder board has the ability to keep an image in board 
memory. This enables the controller to manage multi-sample read and 
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coaddilion without the external intervention of the main computer, thus 
increasing efficiency. The 1 MHz clocking is essentially the clocking 
proposed in the Rockwell datasheet, with a 1 ps delay between successive 
changes in the pixel clock state. Typical clocking with delays is shown in 
Fig. 1. We have observed that some of the clocks need to be slower to 
maximize image quality. 



READ " 




READ 

5t« Ml 514 


515 

i n i 


n 


PIXEL . 


1 ilTUTI 


PIXEL |_l 1 1 

mo m: 


LJ LJ 1 

14 M6 


LSYNC " 


~ 1 T" 


LSYNC U 






LINE 


1 l 


t INI' 












FSYNC 


1—1 


FSYNC 


RESET 


LI 


RESET (J 


r 

0 


S|U 10 (is IS (is 20 JU 525 (is 53o‘(is S3S |is 540(1* 





Figure/. Pattern for clocking the HAWAII array at 1 MHz, showing the readout 
of the beginning of the first and second lines. 



Note that the reset clock must be kept up to actually read the array. Note also 
that a 3.6 ms delay must be inserted just after the read clock is raised. A 
slower readout can be achieved by simply slowing down the pixel clock. For 
speeds higher than about 0.3 MHz, eaeh pixel value is correlated with few' 
precedent pixel values on the same line, thus reducing the sharpness of 
image and the statistical noise. This is to be taken into consideration w'hen 
observing astronomical phenomena with spatial dimension close to the pixel 
size. For larger phenomena, a little blur in the image can be acceptable, 
considering the reduced statistical noise and the gain in efficiency. 

The readout software uses highly synchronized read patterns and no- 
pause sequencing to eliminate the reset anomaly effect associated with the 
HAWAII and HAWAII-2 arrays. This effect is described in [5] and is caused 
by the nonlinearity of the signal for about 1 0 s after reset. Figure 2 shows 
typical images with and without the effect. To achieve this kind of flatness 
(for the difference of two reads), w'e have taken advantage of two observed 
characteristics of the anomaly with our system : 

• The anomaly is a decreasing function of time since the last read on 
the same pixel. 

• The anomaly has some kind of persistence from one read to another. 
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Figure 2. Images with and withoul ihe tesel anomaly a fleet for resct-read-cxpose-rcad with 
exposure time of about 5 sec. It should he noted that the experimental setup is 
responsible for the circles on the right image. 



In order for ihe anomaly to have a constant value for a given pixel, one 
has to make sure that pixels are read on a strictly regular basis, whatever the 
observing sequence requested. As an example, when exposing, the array 
must be continually read, even if the result is to be thrown away. The reset 
must also be done at exactly the same rate as the read (and with the same 
clocks), and continually when the array is in idle mode. A typical sequence 
of acquisition is shown in Fig. 3. On our system, it is necessary to 
synchronize everything to a 10 ps precision (integrated over the entire 
sequence, including commands processing time) to reduce the anomaly 
variability to a non-detectable level. 
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Figure 3. A typical multi-sample, multi-coadd sequence to remove reset anomaly effect. 



We have observed that this sequence had a real effect in stabilizing the 
array temperature, thus reducing the noise caused by temperature drifts. It 
should also be noted that this sequence will increase the glow for long 
exposures. However, for a given exposure time, the glow can be reduced by 
slow ing dowm the read and the reset clocking rates. 
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4. Conclusion 

In this paper, we have presented an acquisition system that is fast, 
efficient and reliable. For a reset-read-read sequence, the image doesn't 
show the reset anomaly effect usually associated with the HAWAII and 
HAWAII-2 arrays. In real time observing, these qualities can have a crucial 
influence on the quality of data whenever short exposures are required. 
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Abstract: The GTC ( Gran Telescopio Canarias) employs an Acquisition and Slow 

Guiding Sensor based on a Marconi CCD47-20. This chip is also the core 
sensor for the telescope Segment Figure Sensor. A third sensor, based on a 
Marconi CCDS9-0! implements Fast Guiding and is also used for Wavefront 
Sensing under continuous rotation. I Hz full-frame readouts and III Hz 
window readouts are performed onto the slow guiding sensor, whereas 200 Hz 
full-frame readouts are required for the fast guiding sensor in binning modes. 
GTC sensors are low-profile, lightweight, individual CCD heads with integral 
low-noise preamplifier stages and Peltier cooling electronics. These CCD 
heads are liquid-cooled and include forced, dry air circulation. Besides, high 
noise inmunity. proper shielding and grounding and impedance matching of 
the cabled links have been major design concerns. 

Sensor readout is performed by a Magellan CCD Controller (Greg Burley - 
OCIW). which has undergone modification at GTC in order to include 
additional analog input channels and to provide support for off-board, cable- 
linked sensors. The sensor's built-in electronics are also derived from the 
original Magellan design. We describe the detailed design of the GTC sensors 
and the modifications carried out in the Magellan controller. 

Key words: Acquisition and Guiding (A&G), guiding camera, wavefront sensor. Charge- 

Coupled Device (CCD) detector. CCD head. CCD controller 
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1. GTC ACQUISITION AND GUIDING INSTRUMENTS 

The GTC Acquisition and Guiding (A&G) system [1] consists of the 
instruments listed in Table I, which are distributed over two articulated 
guiding arms that can be positioned anywhere in the field of view. 



Table L Description of the GTC A&G instruments 



Instrument 


Purpose 


Detector 


Readout 

Specifications 


ASG 


Acquisition and Slow Guidcr 


Marconi 


1011/. two- 


(Arnitfl) 


Acquisition of scientific targets 
Slow guiding 


CCD47-20 


window readout 
over two channels 


SFS 


Segment Figure Sensor 


Marconi 




(Armtfl) 


Shack-Hartmann wavefront sensing 
for closing primary mirror active 
optics loop in parallel with scientific 
observations 


CCD47-20 




STS-FGC 


Segment Tilt Sensor - Fast Guider Camera 


Marconi 


200 Hz, full-frame 


<Aim«2> 


STS configuration: 

Primary mirror segment tilt sensing 
(SFS backup) 

Correction of low-order global 
telescope errors using secondary 
mirror 

"Fast seeing" monitor 
FGC configuration: 

Fast guiding for image motion 
correction using secondary mirror 
Slow guiding using a low-pass filter 
(ASG backup) 


CCD39-0I 


readout over four 
channels (FGC 
mode) 



1.1 CCD Detector Characteristics 

The Marconi CCD 47-20 is a 2-channel, 13 pm pixel size, AIMO chip 
with midband coating, whereas the Marconi CCD39-01 is a 4-channel, 24 
pm pixel size, non-AIMO chip with broadband coating. 

All CCD detectors in the GTC A&G instruments are mounted in the 
Marconi, two-stage Peltier package. 



2. CCD Heads 

Custom CCD heads have been developed to encapsulate each GTC 
detector type. Heads are integrated in the A&G instruments and cabled to the 
CCD controllers. Table 2 and Fig. I describe the CCD head design. 







Figure I. CCD39-0I head Heft) and CCD47-20 head (right) 



Table 2. Description of GTC CCD heads 

Mechanical Characteristics Electrical Characteristics 

Material: Low-noise, JFET-buffered Preamplifier [3]: 

Metal parts in aluminium (painted black - 2 video channel (CCD47-20 head) 

for improved optical performance) - 4 video channels (CCD39-01 head) 

Isolating parts in DELRIN Peltier Drive Electronics: 

Dimensions/Weight: - Linear PI current regulator 

- 63x86x54mm / 450 g (CCD47-20 head) - Output capability: 3.3 V/3 A 

96x84x54mm / 5 10 g (CCD39-01 head) Temperature Sensing Electronics: 

CCD Positioning Tolerance: - Redundant on-package thermistors 

Centering in the optical path: ±0.2 mm - l-to-V amplifier for NTC sensing 

Tilt in respect to optical plane: ±2.5mrad Cabling: 

Thermal Control: - Separate cabling for video lines, clock 

I lead operation range: -2 'C to +19 °C; lines and bias+power lines 

2% to 87%RH - Miniature individually shielded, twisted 

Peltier hot side cooling by integrated pairs for video lines 

heat exchanger operated with water - Miniature coaxial cables for clock lines 

(35% glycol) at -6 °C Controlled Grounding: 

Dry air outlet over detector window - Galvanic isolation from support structure 

Heater resistors - Head grounded to CCD controller case 

Cable Harnessing: Enhanced Shielding: 

Low torque: lower than 0.25 Nm - Double shielding of video and clock 

High flexibility lines 
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3. CCD Controller 

The Magellan controller design [2] has been adapted to meet the GTC 
needs and is used in conjunction with the GTC CCD heads. Table 3 
describes the CCD controller board design. 

Major modifications of the original design include support for off-board 
CCD heads as well as an additional signal processing board for the operation 
of the CCD39-01 over four channels. Minor modifications include the 
availability of a TTL signal for shutter operation. 

The GTC Project Office has produced the design modifications. The 
manufacturing has been realised by the 1AC workshop. 



Table 3. Description of GTC CCD controller boards 



Controller Board 


Characteristics 


Timing Board 


100 MHz DSP frequency: 

10 ns clock signal resolution 
25 Mbps LVDS serial link data rate 


Clock Driver Board 


1 5 usable clock lines: 

+/-12 V voltage swing 
20 MHz bandwidth 
100 m.A output capability 


Signal Processing Board 


2 usable, low-noise video channels: 
CDS analogue chains 
14-bit. 800 kl 1/ A/D converters 
6 usable bias lines: 

+/-15 V voltage swing (4 lines) 
0-30 V voltage swing (2 lines) 
Off-line CCD temperature readout 


Power Board 


Unique 48 V/l A external supply 

On-board 5 V. +/-I5 V. 30 V and 3.3 V supply: 

- LC+ferrite filtering of on-board supplies 

- Linear post-regulation of the on-board 30V supply 


PCI Interface Bixird 


PCI to PMC adapter for operation from a VME CPU board 
VxWorks driver under development at GTC Project Office 
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Abstract: H e have developed a new CCD controller for Lick Ohservatory. Although the 

controller was developed for the new generation of guide cameras at Lick, it is 
still a versatile, high-performance, general purpose CCD controller for single- 
CCD applications. 

Key words: Charge-Coupled Device (CCD), controller, guide camera. Lick Observatory 



1. Introduction 

This project began as an effort to develop an inexpensive, compact CCD 
controller that would be part of the replacement for Lick Observatory’s 
present guide cameras. The requirements for a high performance guide 
camera are no less stringent than for any other astronomical imaging system 
and the controller was incorporated into several science cameras even before 
being used in a guider. 

Five guide cameras arc presently under construction and we plan to 
install these at Lick Observatory on Mt. Hamilton, California during the 
second half of 2002. 



2. Controller Description 

The controller consists of a timing card, a clock driver card, a bias 
voltage, analog processing cards (one for each channel), and a dual-ADC 
converter plus optical fiber interface card. A 6U VME-style connector is 
used as a system backplane. 

With two video channels the controller can operate a single CCD at a 
data rate of almost 4-Mbit/sec (1 ps per 16-bit pixel/channel). Data is 
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transmitted over a fiber link to a PCI bus interface. An RS232 link is used 
for command and status I/O. 

At the heart of the camera design is the Xilinx XC4000 family of 
programmable logic devices. The use of programmable logic devices 
combines the best of hardware speed and parallel operation with the ease of 
programmable modifications and enhancements. A small microprocessor is 
used for commands and status. The microprocessor is turned off during 
image readout to avoid noise from asynchronous operation. 

The camera hardware supports a large number of programmable 
parameters, designed to satisfy nearly every possible CCD control function 
we have used in the entire two decades of CCD testing and operation. 

PC software developed for the camera runs under the Linux operating 
system and consists of a Linux device driver in C, low-level C’ code that 
handles communications and initial image processing, and a user interface 
written in tcl'tk. The use of a Postgres database to store camera parameters 
and user-defined setups is being explored. We plan to use this camera as a 
test bed for the development of ASTLROID pixel server software [I]. 

We have achieved 4 c' read-noise performance in tests with a SITe SI- 
424AB 2Kx2K CCD. This is the same performance achieved with an SDSU 
controller or our old Lick CCD controllers. 

Table I lists some of the controller characteristics and Fig. 1 illustrates 
some controller applications. 

Table I. Camera Components and Characteristics 

Item Description 

Voltages All programmable with 1 2-bit DACs 

Clocks Generated by setting rails and switching between rails. Clock frequencies 

for serial and parallel clocks are settable and independent of waveforms. 

CCD Isolation Bias and clocks can be isolated from the CCD by a bank of analog switches. 
Waveforms MPP/nonMPP parallels, binning by 1 , 2. 4. or 8. All stored in nonvolatile 
memory 

Windowing A single readout window is supported. Subwindows within the readoul 
window arc handled by higher level software. 

Frame transfer Frame transfer and full CCD parallel clocking is possible 
Exposure 1 6-bit counter with 0.0 1 sec timebase. 

Video Conventional CDS. 4 selectable gains. CDS times from 50 ns to 25.5 fis. 

ADC ADS-937 16-bit 1 MHz 

MPl.l AT89LS8252 

Xilinx XC4028EX-1 1Q208 (28K logic gates. 2560 flip-llops. 208 pins) 

Fiber Optics 1 1 FBR- 1 1 1 9T 2 1 1 9T transmitter/receiver. 266 Mbit 

PCI Custom board with Cypress Semiconductor CY7C09449PV PCI Bus 

Controller and a Xilinx XC4010E-PQ208 
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Figure I. Three examples of conlroller applications. The BAO controller uses an external 
preamplifier. 
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DEVELOPMENT OF COMPACT, LOW-POWER 
CCD CAMERAS 
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Abstract: This paper reports on a research programme at the Rutherford Appleton 

Laboratory to develop radiation-tolerant ASICs for space-borne CCD 
instrumentation. H e have developed three CCD camera ASICs. The first is a 
programmable CCD waveform generator and sequencer for providing the 
digital timing signals needed to read out a CCD. and to control the video 
sampling and digitisation electronics. Our second ASIC is a single-chip CCD 
preamplifier, correlated double sampling, and 16 -bit analogue-to-digital 
conversion video signal processor. Finally, our third ASIC is an eight-channel 
digital-to-analogue converter for providing software-programmable CCD bias 
and clink voltages. All three ASICs are intended to operate in the space 
environment, and are therefore designed for high total-dose radiation 
tolerance, and incorporate protection against single-event upset. 



Key words: Charge-Coupled Device (CCD), camera. Application Specific Integrated 

Circuit (ASIC), Correlated Double Sampling (CDS), space, astronomy. Earth 
observation. 



1. Introduction 

The CCD is currently the image sensor of choice for nearly all space- 
science, Larth remote sensing and ground-based astronomical visible light 
imaging systems. Large-format sensors with many millions of pixels, low 
readout noise, good pixel-to-pixel uniformity, and low dark current are 
readily available. However, for space-science missions, CCD technology 
also has inherent weaknesses: 
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• The requirement for compact, low mass, low power, and space- 
qualified CCD drive and video signal processing electronics. 

• The susceptibility of both the CCD and the drive electronics to 
radiation damage. 

This paper addresses the issues of the olT-chip CCD drive and video 
processing electronics. 

In designing electronics for space environments, there are strong 
initiatives to minimise size, mass, and power dissipation, and yet work from 
just a small catalogue of high-reliability space-qualified components. These 
requirements place severe constraints upon the CCD camera designer, 
particularly in the area of the analogue video signal processing and 
digitisation electronics. These problems are amplified with the ever 
increasing aspirations of the space science community, which calls for larger 
focal plane arrays of multiple CCDs, reading out al increasingly higher pixel 
readout rates, and through multiple CCD output amplifiers. Collectively, 
these requirements demand a continuous and strategic programme in the 
development of space-qualified CCD readout electronics. Our research aims 
to address these issues through the development of radiation-tolerant ASIC 
technology. To date, we have developed three CCD camera ASIC's: 

1 . A programmable CCD waveform generator and sequencer for providing 
all the digital timing signals needed to read out a CCD, and to control the 
video sampling and digitisation electronics. 

2. A single-chip CCD preamplifier, correlated double sampling (CDS), and 
16-bit analogue-to-digital conversion (ADC) video signal processor. 

3. An eight-channel digital-to-analogue converter (DAC) for providing 
software-programmable CCD bias and clock voltages. 

All three ASICs are designed to operate in space environments, and are 
thus designed for high total-dose radiation tolerance, and incorporate 
protection against single-event upset (SEU). 



2. Waveform Generator & Sequencer ASIC 

Our Waveform Generator ASIC [1] has been designed to provide all the 
timing signals needed to read out a CCD and to control the video sampling 
and digitisation electronics. A block diagram of the ASIC is shown in Fig. 1. 
The heart of the design is an internal memory (RAM) that is partitioned into 
two independently addressed blocks which we refer to as the WAVE 
memory and the TABLE memory. The memory is 16 bits wide and permits 
16 independent hardware control lines to the CCD clock drivers, video 
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signal processing, and digitisation electronics. The WAVE memory can store 
up to ten individual waveform patterns. Examples include: 

• A 'pixel’ waveform to generate all the clocks associated with 
reading out and digitising a single CCD pixel. 

• A 'line-transfer' waveform to shift an image down the CCD array by 
one line element. 




Figure I. Block diagram of Waveform Generator ASIC. 



The ASIC and its internal memory can sustain waveform state changes at 
a clock rate of 40 MHz. Waveform patterns are clocked-out of the ASIC 
under the control of high-level instructions stored within the TABLE 
memory. These instructions arc contained within programs which w ( e refer to 
as 'readout tables', and up to eight of these tables may be programmed into 
the TABLE memory at any one time. The most basic instruction defines a 
waveform ‘number’ and a 'loop count' parameter, and commands the 
sequencer logic to clock the specified waveform pattern out of the ASIC and 
repeat this for the number of times specified by the loop count parameter. 
Other instructions are concerned w ith defining the beginning, end, and loop 
count of loop-type operations, which may in turn be stacked to a depth of six 
nested-loops. A complete list of the instruction set is given in fable 1. 

The WAVE memory is 1024 words long, and the TABLE memory is 512 
words long. Waveform patterns and readout tables may be programmed 
anywhere within their specified memory blocks, but their 'start' and ‘stop’ 
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addresses must be programmed into reserved registers at the bottom of the 
TABLE memory. A key feature of our design is that the WAVE and TABLE 
memories are addressed independently by the internal controlling logic. This 
allows TABLE instructions to be processed whilst the WAVE processor 
outputs WAVE data, resulting in a seamless output of WAVEs with no 
software-looping delays between successive waveform patterns. 

Although in practice we have never needed to exploit the capability, an 
external memory port on the ASIC allows the WAVE memory to be 
expanded with the addition of external memory components so as to provide 
a total memory depth of 64 kwords. 



Table I. Waveform Generator ASIC Instruction Set. 



Repeat 


Keyword 


Code 


Comment 


n 


WAVE i 


0000-1 


Output Wave/ n times, endlessly if n=0 (i = 0-9) 


- 


TRIG 


1010 


Stop and wait for external trigger 


- 


SYNC 


1011 


Output a pulse on “Sync" output 


n 


BOL 


1100 


Start loop, repeat loop n times, endlessly ifn=0 


- 


EOL 


1101 


End of loop 


n 


JUMP 


1110 


Jump to line n in the table on "Jump" 
instruction/extemal trigger 


- 


EOR 


ini 


End of table (hold outputs at last logic state) 



The ASIC is programmed and controlled over a serial interface that 
follows the Philips I 2 C standard. A list of programming commands is given 
in Table 2. The first byte of a command defines the command type, and 
subsequent bytes specify the address/data of memory read/write operations. 
Two bytes specify the address and data for each memory location. For read 
operations only the pointer is written, and data are then read with a separate 
read transfer. 



Table 2. Waveform Generator ASIC Programming Commands. 



Command Byte 


Definition 


bOOOOOOOO 


W'rite Data (2-bytes address + 2-bytes data) 


bOOOOOOO 1 


Read Data (2-bytes of data from the pointer address) 


bO-yOOlO 


Run TABLE j (j = 0-7) 


bOOOOl 1 1 1 


Abort 


bOOOOO 1 00 


Trigger 


bOOOOO 1 0 1 


JUMP 


bOOOOO 1 1 0 


Read ASIC Status Register 



Programming the ASIC is best illustrated by the example shown in Table 
3, which assumes the readout of an 800x600 pixel frame-transfer CCD. In 
this example, three different waveform patterns (WAVEs) are used. WAVE0 
executes a single frame-transfer line shift in the CCD’s imaging and storage 
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areas, WAVE1 shifts the image in the CCD’s storage area down the array by 
one line element, and the bottom-most line into the CCD output register, and 
WAVE2 reads a single pixel. The loop causes the line-readout to be repeated 
600 times. 



Table 3. Readout Table Example. 



Line 


Repeat 


Keyword 


Comment 


0 


600 


WAVE0 


Executes 600 frame-transfer line shifts 


1 


600 


BOL 


Start a loop for each of 600 lines 


2 


1 


WAVE 1 


Shift image down the CCD storage area by one line 


3 


800 


WAVE2 


Read 800 pixels out of the CCD’s output register 


4 




EOL 


Close line readout loop 


5 




EOR 


Stop 



Each line in a TABLE is a 16 bit number for which the first 12 bits define 
a repeal qualifier, and the remaining 4 bits specify a keyword (as listed in 
fable 1). The repeat qualifier for loops and WAVES may therefore be set 
from 0 to 4095. If 'O' is specified, then that item is repeated endlessly and 
may only be stopped by sending an ABOR T command or resetting the chip. 

An internal stack allows six levels of nested looping. A simple branch 
instruction (JUMP) acts as a GOTO statement that, on the assertion of an 
external pulse on a dedicated input pin, or a serial command via the I 2 C 
interface, switches TABLE execution to the line specified in the qualifier. 
The SYNC command produces a pulse of one clock cycle duration on a 
dedicated output pin at the transition between consecutive WAVEs, and thus 
provides a trigger function for external synchronisation purposes. 

Because TABLES control the number and order of the WAVE data 
blocks, efficient changes to the overall readout patterns are realised by 
simple changes to the TABLE data. Multiple TABLES may be called in 
succession which permits fast switching between programs for alternative 
readout modes, e.g., switching between a full-frame readout mode, and a 
windowed readout mode. 

To enhance the ASIC’s immunity to single-event upsets, the internal 
memory contains error detection and correction logic. The error check codes 
are designed for single error correction and double error detection, and are 
created/tested by this block each time data is written/accessed. The system is 
based on a 5bit hamming code with an additional parity bit. The hamming 
code detects and corrects the single bit errors, and the parity bit is used to 
test the presence of two bit errors. 

The ASIC is manufactured on a radiation-hard 0.8 pm BiCMOS process, 
and packaged in a 132 pin CQFP. To date, the ASIC is being used in five 
space missions, and proposed for two additional opportunities. 
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3. CCD PREAMPLIFIER/CDS/16 BIT ADC ASIC 

One of the most challenging problems facing the designer of space- 
qualified CCD camera electronics lies in the video processing chain. With 
many applications now wishing to exploit the low-noise MHz-ratc 
capabilities of current CCDs, the camera designer is faced with the problem 
of finding high-speed, low-noise op-amps, analogue-switches and analogue- 
to-digital converters that are radiation tolerant, and that can be procured with 
the appropriate levels of high-reliability component screening and space 
qualification. 

One possibility is to upgrade and spacc-qualify one of the high-speed 
single-chip CCD video processors that have emerged for document scanners 
and digital cameras. Their attraction is the integration of a complete 
CDS/ADC video processor with programmable gain and offset adjustment, 
all in a single monolithic chip, and with low power consumption. However, 
while these new chips overcome many of the problems associated with high- 
speed analogue signal design using discrete components, there remain other 
issues to consider, particularly for space applications: 

• Limited dynamic range: Only a few of the available ICs claim 14-16 
bits precision, and the 16 bit parts typically disclose input referred 
noise of several LSBs rms, and thus questionable dynamic range. 
We have evaluated most of the current offerings and obtained our 
best results from the Analog Devices 14 bit AD9814 for which we 
measured a noise floor of 0.85 LSB rms. 

• Large signal input requirement: The 14-16 bit ICs assume that the 
CCD will present several volts of input signal to achieve full 
dynamic range. We found that we had to operate the AD9814 with a 
4 V signal input range to achieve the noise floor of 0.85 LSBs rms. 
We therefore need to add a low-noisc preamplifier for use with the - 
4.5 pV/e output of our science-grade CCDs. 

• Space qualification: Quite understandably, the commercial 
manufacturers are not attempting to meet the typical requirements of 
space-qualification and high-reliability component screening. 

• Radiation tolerance: Again, the commercial manufacturers are not 
interested in radiation tolerance or single-event upset. 

Noting these limitations, we therefore decided to develop and space- 
qualify our own CCD preamp I ifier/CDS/ADC video processing ASIC. A 
block diagram of our chip is shown in Fig. 2 and the main design features 
are listed in Table 4. 
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Figure 2. CCD Prcamplifier/CDS/ADC Video Processor ASIC. 



Table 4. CDS' A DC Video Processor ASIC. 

Design Features 

Differential inpul preamplifier, gain 4.0. optimized for a I V CCD signal input. 

Fully differential CDS processor, optimized for 1 Mpix/sec CCD readout. 

Programmable video offset, 10 bits. +/- 500 mV. 

Programmable gain amplifier. 7 bits, gain 1-3. 

Fully differential pipelined 16 bit ADC. 

Input noise 0.5 LSB at 14 bits precision. 

Differential Non-Linearity (DNL» 0.5 LSB at 14 bits precision. 
rC interface for programmable gain and offset. 

Triple- voting logic in digital interface and DAC registers for enhanced SEU immunity. 
Radiation tolerant 0.35 pm CMOS process, 

A key feature of our design is the incorporation of a preamplifier with a 
signal gain of 4, thus eliminating the need for an external preamplifier. The 
CCD need only present a 1 V signal to achieve full swing in the ADC with 
unity gain set in the programmable gain amplifier. The preamplifier has 
differential inputs for the cancellation of any common-mode interference 
that may arise between the CCD and the ASIC'. The inputs are AC-coupled 
from the CCD in order to isolate the ASIC from the typically high CCD 
output voltage. An internal pixel-rate clamp switch is used to restore the 
input signals to optimal bias values. 
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CDS is performed within the preamplifier circuitry using switchcd- 
eapaeitors. A schematic is shown in Fig. 3. The design is again fully 
differential for enhanced rejection of common-mode noise and ground- 
bounce. A 10 bit DAC allows +/-500 mV of programmable DC' offset to be 
introduced into the video signal. The bandwidth of the preamp I ifier/C'DS 
circuitry is optimized for a CCD readout rate of 1 Mpix/sec. 

A 7 bit programmable gain amplifier with a gain of 1-3 enables the CCD 
output voltage swing to be matched to the signal input range of the ADC. 
The ADC is a 16 bit fully differential pipelined converter using feedback 
capacitor switching in the amplifier stages, and over-ranging at intervals in 
order to minimise Differential Non-Linearity (DNL) due to capacitor 
mismatching and amplifier gain errors. A block diagram is shown in Fig. 3. 
The codes generated by each pipeline stage are fed into a delay block to 
ensure that all data appears at the output on the same clock cycle. Digital 
error correction adjusts for amplifier and comparator offsets. 
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Figure 3. Preamplifier/CDS and ADC. 

Our ASIC achieves a noise figure of 0.5 LSBs rms in 14 bits, equivalent 
to an input referred noise of 30 fiV rms within the 1 V signal input range. 
The digital dynamic range is therefore similar to the AD9814's, but our 
ASIC achieves this with a four-fold reduction in input signal range, thus 
eliminating the need for a preamplifier in our application. 

It follows that the input referred noise of our ASIC is four times less than 
the AD9814's. We have achieved this by minimizing noise contributions 
while optimizing the design for our required 1 Mpix/sec bandwidth. In 
particular, we have employed significantly larger switched input capacitors 
within the preamplifier/CDS in order to minimise kT/C noise contributions. 
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Overall, we have been careful to balance the noise contributions from the 
kT/C input noise, the preamplifier itself, and the internal band-gap voltage 
references. 

There are two band-gap references to generate the various bias voltages 
and the bias current required by the amplifiers and comparators. The bias 
points are connected to output pins to allow for external decoupling. 

The ASIC is programmed through an 1"C compatible interface, similar to 
that used in the Waveform Generator ASIC. Triple-voting logic is employed 
to enhance its SliU tolerance. 

The ASIC is manufactured on a radiation tolerant 0.35 um 3.3 V CMOS 
process, and packaged in an 84 pin CQFP. 



4. 8 Channel DAC ASIC 

Our most recent ASIC development is an 8 channel DAC, intended to 
allow software programming of CCD bias and clock voltages. The 
arguments for its development are the same as for the CDS/ADC ASIC, 
namely a lack of suitable radiation-tolerant space-qualified multi-channel 
DAC ICs. 

A block diagram of our ASIC is shown in Fig. 4. It contains eight 10 bit 
voltage-output DACs. Each DAC consists of an input register, a DAC 
register, a resistor ladder, and a multiplexer connecting the appropriate tap 
from the resistor ladder to an output amplifier. 

The input registers and DAC registers provide double buffering. Data 
programmed into the input registers can be transferred into the DAC 
registers independently or collectively under the control of an external load- 
enabling clock. 

Each DAC contains a resistor ladder of 1023 series-connected 100 Q 
resistors. The 10 bit DAC code determines which tap from the resistor ladder 
is fed through to the output amplifier. The design is guaranteed to be 
monotonic. 

Each DAC has independently controlled voltage reference inputs on both 
the top and the bottom of its resistor ladder for added flexibility in output 
range programming. An output-enabling function allows all DACs to be 
enabled or disabled collectively. Power-on-reset ensures that all DACs are 
initialized to zero. 
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Figure 4. X channel DAC ASIC. 

The ASIC is programmed through an I 2 C compatible interface like the 
Waveform Generator and C'DS/ADC ASICs. Triple-voting logic is again 
incorporated to enhance SEU tolerance. 

The ASIC is manufactured on the same radiation tolerant 0.35 pm 3.3 V 
CMOS process, and packaged in the same 84 pin CQFP as the CDS/ADC 
ASIC. 



5. Summary and Future Developments 

We have developed three ASICs aimed al reducing the size, mass and 
power requirements of space-borne CCD instrumentation that was initiated 
by the lack of appropriate commercially available space-qualified 
components. All three ASICs address the special requirements of radiation 
tolerance and protection against single-event upset in the space environment. 

Our Waveform Generator ASIC is being used in five space missions, and 
proposed for two additional opportunities. We are planning to use our 
CDS/ ADC ASIC in the SECCHI [2] CCD camera remote sensing 
instrumentation of NASA’s Solar Terrestrial Relations Observatory 
(STEREO) mission. 

The question of future developments now arises. Our medium term plans 
are as follows: 
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• We plan to upgrade the Waveform Generator ASIC with increased 
output channels, and an ability to extend waveform states by a 
predefined number of clock cycles. We are also planning to translate 
the design to a radiation hard 0.25 pm CMOS process and employ 
LVDS compatible inputs and outputs. 

• A new version of the CDS/ADC ASIC will be optimized for 2 
Mpix/scc CCD readout, and translated to a radiation hard 0.25 pm 
CMOS process. 

• The DAC ASIC will be increased to 16 channels and also translated 
to the 0.25 pm CMOS process. 
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Section V: 



Detector Testing and 
Characterization 




CHARACTERIZATION OF THE SIrAS 
BLOCKED IMPURITY BAND (BIB) DETECTOR 
IN KECK S LONG WAVELENGTH 
SPECTROMETER (LWS) 



Randall D. Campbell 

W. M. Keck Observatory 



Abstract: Keck's Long Wavelength Spectrometer (LWS), Is the facility instrument used 

for imaging and spectroscopy in the wavelength range of 5-28 pm at the Keck 
Observatory. LWS uses an 128x128 Si: As blocked impurity band (BIB) array 
manufactured by the Boeing Corporation. This paper discusses the method 
used for optimizing the detector's operating parameters at a temperature of 
8.5 K and bias voltage of 1.2 V. A process for characterizing detect i tv 
i/uanlum efficiency of BIB detectors is also presented. 

Key Words: Long Wavelength Spectrometer (LWS). Blocked Impurity Band (BIB) 

detectors, quantum yield, gain dispersion, detective quantum efficiency 



1. Introduction 

The Long Wave Spectrometer, LWS, [1] is the W. M. Keck 
Observatory’s mid-infrared facility instrument. The LWS detector is a 
Boeing 128x128 blocked impurity band (BIB) Si: As moderate flux array. 
The sensitive bandwidth of the array is approximately 3-28 pm. The detector 
was installed as an upgrade to the existing instrument and was restricted to 
minimal changes to the hardware and software, which narrowed the 
parameter space of detector operability (i.e., number of readout channels, 
pixel scale, physical envelope, etc.). The moderate-flux 4-channel readout 
device was chosen because its well depth and dark current properties 
matched the high to moderate background application of the instrument, 
which operates in imaging and low-resolution spectroscopy modes. The 
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operating parameters of the device were optimized during the upgrade and it 
has proven to be robust, reliable and relatively easy to operate. The detector 
and instrument have performed well and as anticipated, have produced many 
scientific results. 



2. T EMPERATURE AND BIAS 



The responsivity of BIB detectors is a strong function of temperature and 
bias, which is made evident by the data in Fig. 1. Measuring the signal to 
noise ratio over a range of operating temperatures and detector bias voltages 
was used to optimize these two parameters. A relatively high operating 
temperature of 8.5 K is preferred for LWS because of cryostat properties. 8.5 
K is maintained with a heater control servo to compensate for the changing 
thermal coupling properties caused by dewar attitude. A higher bias voltage 
is also preferred because of the 12-bit ADCs in the readout electronics. 
Higher bias voltages used in BIB deteetors increase the gain region and lead 
to higher signal amplification. The larger signal is advantageous for the 
LWS system in overcoming read noise and quantization noise of the 12-bit 
ADC sample. 
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Figure I. Detectivity as a function of bias voltage and temperature. 



3. Quantum Yield, Gain Dispersion, and Detective 
Quantum Efficiency 

BIB deteetors have signal amplification or gain that occurs at the 
interface of the blocking layer and the infrared active region [2]. Gain can 
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increase the quantum yield, qG, but introduces an additional source of noise, 
denoted p. The p noise degrades the detective quantum efficiency (DQE) 
[ 2 ]- 

^ -% 

Figure 2 plots the quantity of measured electrons as a function of incident 
photons with the data used for measuring qG [3]. The detector readout 
electronics conversion from electrons to DN can be determined using 
measurements of the readout electronics only. The number of incident 
photons was computed assuming an ideal radiator (black body). The slope of 
a linear fit to the data in Fig. 2 yields a value for qG = 0.9 6 0.3 if the 
instrument optical throughput, e, is assumed to be 60%. 

:V < =enGN pk (2) 
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Figure 2. Characterization of ihe quantum yield of the delector. 



To determine gain dispersion, pG, we plot the measured signal-to-noisc 
ratio (SNR) vs. the ideal SNR. which is the square root of the measured 
signal (electrons) assuming read noise is negligible. Using the DQF relation. 



SNR = \N 



ph 



,JG_ 



(3) 
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ll can be shown lhal the slope difference from an ideal phoion noise 
limited system is a measure of the gain dispersion, pG. 



SNR = — 



N 



( 4 ) 



The slope of the linear fit in Fig. 3 is used to determine a value of pG = 
1.760.1. Each of the measurements for \]G and pG yields a value for the 
detective quantum efficiency, DQE of 



= 0.5 ±0.15 
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Figure 3. Characterization of gain dispersion. 
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CHARACTERIZING THE CCDS OF THE 
OMEGACAM WIDE-ANGLE CAMERA 



Fabricc Christen 1 , Cyril Cavadore 2 , Dietrich Baade". Olaf Iwert", Konrad 
Kuijken 1 , Boris Gaillard 2 , Stephane Darbon 2 . 
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Abstract: The OmegaCAM will cover the I deg X I deg field of view of the ESO VLT 

Survey Telescope with thirty two 2Kx4K pixels CCDs. Since the replacement 
of a unit detector or a rearrangement of the mosaic after commissioning is not 
an option, every detector needs to be fully characterized in advance. These 
chips need to be tested under astronomical operating conditions, which differ 
from average CCD manufacturer procedures. The changes realized in the 
testbench and the results of the measurements are described below. 



Key words: 



Charge-Coupled Devices (CCDs). CCD testing. CCD characterization 



I. OmegaCAM CCD Camera 

The OmegaCAM is a consortium composed of NOVA (The Netherlands 
Research School for Astronomy), Kapteyn Instituut, Leiden, Universitats- 
Stemwarte Munchen, Gottingen, Osservatori Astronomici di Padova e 
Capodimonte and the European Southern Observatory (ESO). The 
consortium is responsible for the development of the OmegaCAM 
instrument. 

The instrument is a mosaic of 32 Marconi chips (CCD44-82 1-A57). It 
covers a field of view of I deg.xl deg. (mosaic filling factor: 93%) w ith a 
sampling of 0.237pixel. Forty science grade and sixteen engineering grade 
CCDs have been ordered and are being tested by the Optical Detector Team 
(ODT) with the ESO test bench. 
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The CCD44-82 I-A57 is a thinned, backside illuminated device with 
2Kx4K pixels of 15 pm. Two serial readout registers are available. A Ft 100 
temperature sensor is provided on the chip. A single-layer H1X) 2 anti- 
reflective coating ensures optimal sensitivity in the blue and the near UV. 
The invar package provides a high flatness level of± 10 pm. 



2. The Test Bench 

In 1996, Amico and Bohm [1] designed the new ESO test bench. Several 
improvements were realized to optimize the turnaround time and the 
precision of individual CCD characterization. Two new detector heads, each 
accommodating two CCDs, have been manufactured and put into use. 
Scripts for a largely autonomous acquisition and data reduction have been 
written. Measurements of Quantum Efficiency (QE), Photon-Response Non- 
Uniformity (PRNU), dark current (short and long exposures), bias, readout 
noise, conversion factor, linearity. Charge Transfer Efficiency (CTE) and 
cosmetic defects (hot pixels, very bright pixels, dark pixels, traps, very large 
traps, bad columns, and coating blemishes) are routinely performed. 

The primary capabilities of the test bench are long dark exposure times 
(up to several hours), configurable modes and readout speeds supported by 
the FIERA CCD controller, uniform illumination up to a field of 20 cm 
diameter provided by the integrating sphere, large wavelength coverage 
(300-1100 nm), good spectral sampling (1 nm) and remote control of all 
functions by software. 



3. Quantum Efficiency (QE) and Photon-Response 
Non-Uniformity (PRNU) 

Quantum efficiency and photon-response non-uniformity are measured at 
an operating temperature of -120 °C. The repeatability is very good (error: ± 
0.2% max). The QE dispersion from device to device is increasing toward 
shorter wavelengths. The QE figures in the range of 300-400 nm are higher 
than the minimum specification (see Table 1 for mean values). 



Table I. Mean and standard deviation of the QE for 19 science grade devices. 
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PRNU is increasing at near-lR wavelength due to fringing effects (sec 
Fig. 1(c)), and al near UV wavelength due to the backside laser annealing 
("diamond pattern"), see Fig. 1(a). 
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Figure l. Example of Hal field patterns at 3S0 nm (a), 600 nm (b) and 900 nm (c). 

Between 420 and 870 nm the PRNU is photon noise limited (see Fable 2 
for mean values). 



Table 2. Mean and standard dev iation of the PRNU of 19 science grade devices. 
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4. Cosmetics and Cosmetic Defects 



The general appearance of the images is inspected to search for 
anomalies (bright spot, patterns, 5 12x1 K block stitching, scratches, parasitic 
light injected by on-chip ESD protection diodes (Fig. 2.) and inky pattern 
(Fig. 3.), six specific kinds of cosmetic defects are checked: hot and dark 
pixels (mean per CCD: 66, rms: 72), very bright pixels (mean per CCD: 5, 
rms: 4), traps (mean per CCD: 3, rms: 3), very large traps (mean per CCD: 1, 
rms: 2), and bad columns (mean per CCD: 2, rms: 2). The overall cosmetic 
quality of the OmegaCAM devices is very well within specifications. 




Figure 2. Pari of a bias at 50 Kpix'sec, 
binning 15x15, 6ADU of difference between 
Ihe center and the sides, gain 0.55e-/ADU. 




Figure 3. Pari of a fiat at 350nm. 50Kpix/sec, 
binning 15x15. 



5. Linearity 

The method consists of reading the CCD while it is illuminated with a 
light source (assumed to be constant on such short time scales). After Hat 
fielding (the test is performed at 600 nm where PRNU effects are the 
lowest), the columns are averaged, applying a median filter. The residuals 
from a linear least-squares fit to the signal as a function of row number 
represents the non-linearity. Non-linearities are typically less than ± 0.3%. 
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6. Electrical Parameters 

• Conversion Factor (Gain) : derived from the measurement of the 
mean signal on a Hat field exposure and its variance (for 17 CCDs at 
-120 °C: 0.53 ± 0.03c7ADU at 50 Kpix/sec). 

• Readout Noise : spatial rms of the bias measured (for 19 CCDs at 
50 Kpix/sec: 2.9 ± 0.4 e , at 225 Kpix/sec: 4.4 ± 0.7 e ). 

• Conversion factor and read-out noise are measured for both ports 
and at two speeds (50 and 225 Kpix/sec). The test bench is not read- 
out noise optimized because the main objective is to measure 
relative differences only. 

• Dark Current : A median-filtered stack of five 1 hour dark frames is 
used (temperature: -120 °C, read out speed: 50 Kpix/sec, high gain 
mode: -0.55 e'/ADU) is computed. The horizontal and vertical over 
scan pixels are used to determine the dark current. It is mostly less 
than 1 e/pix/h (for 17 CCDs at -120 °C: 0.7 ± 0.6 e/pix/h). 

• Charge Transfer Efficiency: Two methods are used: one is based on 
the extended pixel response through the image over scan area 
(EPER), the other uses the standard Fe55 method (for 17 CCDs at 
-120 °C: horizontal CTE: 0.999997 ± 31 O' 6 , vertical CTE: 
0.9999995 ±21 O’ 7 ). 

7. Summary 

For the OmegaCAM project 88 CCDs have been ordered (40 science 
grade, 16 engineering grade and 32 mechanical sample CCDs). 29 science 
grade and the entire engineering and mechanical sample have been 
delivered. All CCDs have been characterized according to the function of 
their group. To realise these tests, the CCD evaluation procedure was 
streamlined, the reliability improved and the accuracies were assessed. The 
results are generally satisfactory. 
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Abstract: EMIR is a mulliohfect intermediate resolution near infrared (1.0-2. 5 urn) 

spectrograph with image capabilities to be mounted on the 10-m Gran 
Teleseopio Canarias (GTC) as one of the first common user instruments. The 
GTC. located on the Spanish island of La Palma, is due for first light in early 
2003. EMIR is being built by a consortium of Spanish. French and British 
institutions, led by the Instituto de Astrofisica de Canarias. The current 
development of EMIR is funded by GRAbJTECAN and the Plan Mac tonal de 
Astronomia y Astrofisica. 

The EMIR Electronic Team is committed to provide the full characterization of 
its detector and associated controller well in advance of the Instrument 
completion. To carry out this task in parallel with the instrument development, 
a Detector Test System (DTS) has been designed and manufactured. This test 
system is described along this /ms ter. 

Key- words: Espectrografo Multiobjecto InfrarRojo (EMIR), test bench. HAW AH -II. 

In f uRed HR) 



1. The EMIR Detector Test Bench Objective 

The EMIR detector test bench (sec Fig. 1) has been developed to 
characterize a HAWAII-II detector planned for the instrument. Moreover, 
most of the work carried out for the test bench will be of interest for the final 
instrument configuration. As an example, the fan-out board configuration 
has shown its suitability for thermal control, mechanical fixing and early 
signal amplification of the array. The data acquisition system, in particular 
the detector controller configuration and its required capabilities have also 
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been explored. To fulfill the liMIR requirements on frame rate it is 
mandatory to read the detector in a 32 output mode. It implies a fairly 
complex controller configuration and the possibility of using channel 
multiplexing or a system with 32 channels end to end is still under 
consideration. 




Figure I. Detector test bench in the optical lab. 



2. Opto-Mechamcal Set-Up 

The system consists of a cryostat containing the detector, fan-out board 
and a filter wheel working at cryogenic temperatures. The cryostat has an 
inner shield and the light path is baffled to avoid spurious radiation coming 
from undesired sources. 

The cooling system is based on a two-stage close cycle cooler. The most 
powerful stage is connected to the cold plate and is in charge of cooling the 
most massive elements as filter wheel, shield, optical baffle, etc. The second 
stage is connected directly to the back of the fan-out board using a 
multithread flexible cold finger. Temperature stability is assured using a FID 
control implemented with a resistor and a temperature sensor. 

The optical path consists of a cryostat window whose cap acts as a 
pinhole, and a filter, open or blank depending on the filter wheel position. 
Projecting an image onto the full detector was not an objective and is not 
possible due to the reduced size of the filters. What is assured is uniform 
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illumination using the pinhole. Figure 2 shows the entire mechanical 
configuration of the system. 




Figure 2. Mechanical configuration. 



3. Electronic Configuration 

The most remarkable electronic components are: 

• The Ian-out board: It includes the detector socket and the first 
amplification stage at cryogenic temperatures. It has been designed to 
support 32 parallel channel operation but is presently being used in a 
four channel mode. 

We are using a single-supply (therefore, with low power 
consumption) rail-to-rail operational amplifier (Burr-Brown 
OPA350). It has shown a good behavior at cryogenic temperatures 
(77 K and even at 60 K) without appreciable loss of performance 
with respect to its nominal characteristics at room temperature. 

Despite being of single-supply, this operational is faster (settling 
time around 500 ns to 0.01%) than others used in fan-out boards for 
the HAWAII-11 so that the detector can be driven at its maximum 
readout rate without distorting the analog signal. Its internal noise 
and bandwidth make the noise added by the opamp negligible 
compared with the detector's noise. 

The opamp is unity gain stable although it is currently being used 
with a greater gain (3.2). Care must be taken when loading the 
opamp with large capacitive loads (such as the capacitance of long 




492 



Jose J. Diaz, el al. 



cables) in order to avoid unstable signals. However, this issue can be 
(and has been) worked out with an appropriate design. 

As for the bias current, it is only about I pA. Together with a high 
input impedance (around 10 " S 2 ) it allows work with the detector 
w hen bypassing its internal amplifiers in order to reduce the glow. 

• The detector controller: An ARC7IRL (Leach Gen-2) controller with 
4 channels, a parallel data link and a serial command line has been 
used. The controller is also used in a four channel configuration. It is 
a critical part and its final configuration for the instrument is still 
under study. 

Some modifications (gain and bandwidth changes) had to be 
made in the controller hardware to improve the analog chain 
performance. Furthermore, an external comparator (MAX96I) had to 
be used to get much faster pixel clocks than the ones provided by the 
controller to properly drive the pixel clock signals. 

The value of rising/' falling times for CLK1, CLK2, CLKBI and 
CLKB2 proved to be critical. We are now working w'ith times less 
than 40 ns. CLKI and CLK2 (the same for CLKBI and CLKB2) 
must be complementary to each other within less than 25 ns (less 
than 15 ns in our case). 

As can be seen, w'e are working w ith more restrictive time values 
than the ones suggested by Rockwell, which originally caused 
problems to drive the multiplexer and proved not to be suitable for 
our detector. 

• The data storage and user interface: A PC with a frame grabber is 
used to acquire the detector data coming from the controller. A user 
interface based on Windows NT allows the user high flexibility in the 
definition of working parameters. Immediate visualization of the 
images and basic statistics are shown. 

• Temperature control: Temperature control is carried out using a FID 
loop. Its parameters are remotely set from the computer and the 
temperature evolution is logged. 

• Filter wheel control: The filter w'heel is remotely operated through a 
serial line. 

One important point to acknowledge is the ground and earth 
configuration, which is critical w'hen trying to reduce noise. We are almost 
certain that we detector-limited regarding noise. After several tests, the final 
configuration (the one which proved to be the least noisy) coincides wdth the 
one suggested by theory. Noise contamination is clearly dependent on the 
ground/earth configuration and special care must be taken to properly design 
the system connections. 
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Abstract: EMIR is a mu/tiobfecl intermediate resolution near infrared (1. 0-2.5 pm) 

spectrograph with image capabilities to be mounted on the 10- m Gran 
Telescopio Canarias ( GTC ) as one of the first common user instruments. The 
GTC. located on the Spanish island of La Palma, is due for first light in early 
2003. EMIR is being built by a consortium of Spanish. French and British 
institutions, led by the Instituto de Astrofisica de Canarias. The current 
development of EMIR is funded by GRANT EC AN and the Plan National de 
Astronomia v Astrofisica. 

The EMIR Electronic Team is committed to provide the full characterization of 
its detector and associated controller well in advance of the Instrument 
completion. A first run of tests have been performed on the engineering grade 
array. These tests facilitate to fine tune the test bench and to give a rough idea 
of the science grade detector behavior prior to its use. 



Key words: Espectrografo Multiobjecto InfrarRojo (EMIR), test. HAWAII-II, infrared 



1 . The Objective of the Tests 

The main objective of the tests is to fully characterize the HAWAII-II 
detector to be used in EMIR. The final science-grade array tests are preceded 
by those of the engineering array. Even though this detector does not show 
the performance of a science grade device, its behavior in many aspects is 
comparable. The use of this device is really helpful to characterize and fine 
tune the detector test bench to set the correct parameters before plugging in 
the science grade detector. Moreover, some areas of the engineering grade 
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array show characteristics similar to a science grade array and thus the 
results will faithfully rcllcct what will be found with the final device. 



2. Tests Performed to the Array 

Both qualitative and quantitative tests have been performed to the array. 
The most important qualitative test has been the detector behavior vs. 
clocking scheme (see Fig. 1). As a result, it has been obtained that the 
maximum readout speed is limited to 140 Kpix/channel. This will force the 
final EMIR system to a 32 channel configuration to assure a frame rate of at 
least 1 Hz. 
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Figure I. Timing pattern and output waveform 



3. Detector Gain, Well Depth 

The detector gain has been calculated using the variance method. A 
scries of images, with different integration time, or flux, is acquired and a 
signal-variance plot obtained. The resulting slope is 1/gain and intercepts the 
variance axis at (RON/gain) A 2. The resulting gain is 3 e'/ADU (3.2 pV/e). 
To obtain a meaningful number, the pixel values have been filtered to 
consider only those with reasonable response and avoiding faulty pixels. 

A mean value of 150 ke value has been obtained for the detector well 
depth. The linearity of the pixels varies from one to another but is similar for 
‘science grade pixels.' This points to a more uniform linearity among pixels 
for the science grade array. 
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4. Dark Current 



Dark current has been measured at 60 K and 77 K. The dark current is 
low, 75 e'/hour @ 77 K (sec Fig. 2) and 35 e /hour @ 60 K. As both values 
match with the instrument constraints, it will probably be used at 77 K to 
avoid the expected QE penalty for lower temperatures. 




Dark current measures give higher values for samples immediately after 
the reset cycle. The mean dark current diminishes with time. It has not been 
identified as the reason for this behavior; which is apparently different from 
what has been identified as reset anomaly. Further study is required to 
understand and calibrate or compensate this effect. 

We have observed that a low frequency drift affects the results. It implies 
that a correction must be applied using the detector reference outputs or any 
other appropriate reference. The use of the reference outputs implies adding 
4 extra AD channels to a fairly complex system with 32 outputs. Another 
possibility is to use a clamp circuitry to hold the reference and electronically 
compensate the drift. New methods are being explored to find a suitable 
method to correct the drift with no added electronics. 



5. Readout Noise 

The readout noise has been computed and, as a result, it has been 
obtained, for CDS, a mean value of 1 1 e . This magnitude is well within the 
expected performances and has been obtained by proper filtering of the 
faulty pixels. The Gaussian distributions obtained reflect the correct 
selection of the sample pixels. These graphics show the statistics obtained 
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for a window of 160k pix/quadrant where approximately a 0.0003% of the 
pixels, less than 50 pixels, have been excluded from the calculations. 
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6. Conclusion 

As a result of the engineering grade array tests, a first adjust of the 
working parameters has been performed prior to the use of the scientific 
grade device. It is envisaged that pixel rate limitation will force the 
instrument to use a 32 channel configuration in its final system. The detector 
gain, read out noise, dark current and well capacity found for this device are 
promising and will hopefully be better for the scientific grade device. The 
low' frequency drift found needs to be compensated, either analytically or by 
building a more complex system to avoid it electronically. Additional tests 
such as QE, crosstalk, image persistency, etc., need to be performed to 
complete the science grade detector. 
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Abstract: The performance of both an LPE 2Kx2K engineering grade and a science 

grade array has been evaluated. Both arrays have a cut-off wavelength of 
X,=2.6 pm. At an operating temperature of 60 K. the dark current of the 
science grade array is 0.004 e/sec. The peak quantum efficiency of the science 
grade array is 84.4% The readout noise is 14 e' rms for a double correlated 
damp and 5 e ' rms for readout with 16 Fowler pain. 
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1. Introduction 

In 1997 ihe University of Hawaii and ESO made a joint contribution to 
fund the HAWAII-11 2Kx2K development. Within the framework of this 
contraet two LPE 2Kx2K HgCdTe arrays grown on a sapphire substrate 
have been delivered and evaluated. Both arrays have a cut-off wavelength of 
>^.=2.6 pm. 



2. Measurement setup 

A prototype continuous flow test cryostat was built for the evaluation of 
the HAWAII-II arrays. The detector is cooled by a two-stage pulse tube 
closed-cycle cooler that has no moving cryogenic parts and is completely 
free of vibration. The second stage of the pulse-tube can reach a temperature 

of 21 K. 

The arrays are read out by accessing the internal bus directly. All 32 
analog outputs are used and fed into a symmetrical operational amplifier. It 
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